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 I 
Abstract 
Proton conducting materials are currently attracting much attention because of 
their broad applications in electrochemical devices such as fuel cells and redox 
flow batteries. Protic organic ionic plastic crystals (POIPCs) are the proton 
conducting sub-class of the organic ionic plastic crystal (OIPC) family and are 
regarded as next-generation proton conductors because of their high ionic 
conductivity, high thermal stability, non-flammability and ability to be used under 
anhydrous conditions. This work examines ionic conductivity and molecular 
dynamics of POIPCs and develops promising solid-state proton conductors based 
on protic organic salts. 
At the beginning of the project, two novel POIPCs based on a di-functional cation 
were synthesized and characterized. The di-protonated sample, [DMEDAH2][Tf]2 
exhibited a 24-fold enhancement in conductivity as compared to that of the 
mono-protonated sample [DMEDAH][Tf], reaching 10#$.&  S/cm at room 
temperature, which is an exciting solid-state proton conductivity. PFG-NMR 
results revealed a strongly coupled translational motion between the cations and 
anions in [DMEDAH2][Tf]2 but not in [DMEDAH][Tf], resulting from the stronger 
hydrogen bonding between the ions in the di-protonated compound. 
Following this work, a series of POIPCs based on the same parent di-functional 
ammonium cation with selected anions were examined, to understand the effect 
of anion chemistry on the molecular dynamics and ionic conductivity in these 
materials. Comparing the DSC endotherms of the di-protonated and mono-
protonated cations coupled with the same anion, showed that the materials with 
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di-protonated cations tend to have a higher melting temperature and a larger 
plastic crystal temperature range. Despite the high melting temperature of the di-
protonated [DMEDAH2][Tf]2, it shows the highest ionic conductivity among all the 
cation and anion couples investigated. The NMR results revealed that the number 
of the charge carriers is the dominant factor for the high ionic conductivity of the 
[DMEDAH2][Tf]2 system. PFG-NMR also revealed that the proton in the cation 
transports via a vehicular mechanism. 
Although POIPCs show great potential for proton conducting membrane 
applications, these materials alone are generally too soft for practical membranes, 
and will benefit from being composited with various matrix materials that can 
provide support. To further develop POIPC-based composite polymer electrolytes, 
it is important to understand the influence of the polymer matrix on the ion 
dynamics of the POIPCs at a fundamental level. Thus, novel proton conducting 
composite membranes based on [DMEDAH2][Tf]2 and poly(vinylidene difluoride) 
(PVDF) were developed.  A combination of DSC, FTIR, and solid-state NMR 
techniques revealed that the addition of polymer nanofibers into the POIPCs not 
only reduces the molecular dynamics of the molecules located at the interfacial 
region, but also significantly changes the solid-state structures and crystallinity of 
the bulk OIPC phase. Variable temperature Synchrotron XRD results suggest that 
thermal history plays an important role in modifying the OIPC crystal structure 
and symmetry, and the addition of PVDF nanofibers tends to stabilize the 
metastable phase of the POIPC material. 
However, combining POIPC with inert polymer decreased conductivity.  To obtain 
the desired combination of high conductivity and good mechanical properties, 
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solid-state gel polymer electrolytes (GPE) based on protic ionic liquids were then 
explored. The novel protic GPE formed by mixing the protic IL [DEMA][Tf] and the 
poly(ionic liquid) PDADMA TFSI was free-standing and very flexible. By increasing 
the content of protic IL to 60 wt%, the conductivity of the GPE was further 
improved to 5.8 mS/cm at 100 °C, which is very promising for a solid-state proton 
conductor. Also, the solid-state NMR study revealed that the incorporation of 
PDADMA TFSI leads to an overall enhanced proton dissociation. More importantly, 
evidence of proton activity of GPEs was proved by cyclic voltammetry, showing 
that these electrolytes are excellent candidates for fuel cell applications. 
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Chapter 1 Introduction  
 
1.1 A general view  
Nowadays, we still heavily rely on energy production from fossil fuels; however, 
these lead to global warming and air pollution. The need to reduce our 
dependence on fossil fuels has increased demand for renewable energy sources 
which are environmentally friendly and sustainable, such as solar, wind and water. 
Besides this, the idea of a “Hydrogen Economy” is emerging as one of the most 
efficient and cleanest ways to meet the world’s growing energy demands.1 This 
idea leads to increasing demand for efficient production and storage of hydrogen, 
and another focus is the efficient use of hydrogen in clean and zero emission 
technologies such as fuel cells. This trend promotes the development of 
electrolyte materials – proton conducting membranes, which are a key part in the 
fuel cell. 
The most widely used proton conductors are perfluorosulfonic polymers, such as 
Nafion, which have good proton conductivity, excellent chemical stability and 
good mechanical properties. However, the operating conditions for Nafion 
membranes and derivatives are limited to below 100°C because the presence of 
water is essential for the membrane to have high proton conductivity. Thus, solid-
state anhydrous proton conductors are being sought. Consequently, several 
studies have explored the use of ionic liquids (ILs) as proton conducting 
electrolytes to avoid volatility as well as obtain excellent conductivity without 
humidification. The ionic liquid should be incorporated into a polymer matrix to 
ensure mechanical strength, but this can lead to long-term issues due to phase 
separation between ILs and polymer. Organic ionic plastic crystals (OIPCs) have 
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emerged as novel solid-state ionic conductors, with unique plastic phases that 
ensure good mechanical flexibility and improved contact between electrodes and 
electrolyte.2-5 In addition, intrinsic ionic conductivity, non-flammability, good 
thermal stability and wide electrochemical windows are all desirable properties 
shown by OIPCs, just as with their ionic liquid analogues.2-4 Both acid-doped OIPCs 
and, more recently reported, protic OIPCs are promising proton conductors.  This 
research will focus on use of protic and acid-doped OIPCs in electrolyte 
membranes. The literature review part discusses different proton conducting 
electrolytes in more detail. 
 
1.2 Energy applications using proton conducting membranes 
Proton conducting membranes are widely used in various electrochemical 
applications including fuel cells, redox flow batteries, and water splitting.  
The fuel cell (Figure 1.1) is an attractive electrochemical device for portable and 
stationary applications due to its good energy-conversion efficiency and low 
emissions. It transfers chemical energy of fuel (such as H2, methanol or ethanol) 
to electrical energy, with water as the only by-product. In this device, hydrogen 
gas is transformed into protons and electrons at the anode and the electrons 
migrate through the external circuit to the cathode, producing an electrical 
current.6 The existing protons move across the membrane to the cathode, where 
water is produced through reaction with the free electrons.6 Proton exchange 
membranes play an important role in fuel cells to (1) allow the transport of 
protons from the anode to the cathode, (2) separate the reactant gases and (3) 
prevent the crossing of other species through the membrane.  
 4 
 
Figure 1. 1 Schematic design of the proton exchange membrane (PEM) fuel cell.6 
 
Redox flow batteries (as shown in Figure 1.2) are among the best options for 
electricity storage. Unlike other battery systems, electricity is stored as chemical 
energy in fluid electrolytes. There are two tanks containing different species of 
electrolyte which can be pumped through the battery system when required. The 
electrolytes undergo redox reactions in separate half-cells to achieve the 
conversion between chemical and electrical energy. In some forms of the flow 
battery, the transport of protons through a membrane ensures electrical charge 
balance. The life of a redox flow battery is long due to its independent energy and 
power output design. The essential role of a proton conducting membrane is to 
allow the transport of protons and prevent cross mixing of the electrolytes. Good 
chemical stability, excellent ionic conductivity and high ion selectivity are the basic 
requirements for proton conductors in redox flow batteries.7-8  
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Figure 1. 2 Redox Flow Battery Schematic.9 
 
Proton exchange membranes are also involved in the field of photochemical and 
photoelectrochemical CO2 reduction (Figure 1.3). Reduction of CO2 is an efficient 
methodology for energy storage and produces fuel by converting stable CO2 to a 
useful chemical that can be further reacted to form a liquid fuel (e.g. methanol).10 
The role of the membrane in this system is to allow transport of protons, while 
separating the resulting gases and preventing explosions. 
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Figure 1. 3 Schematic illustration of the flow of materials and electrons during 
photocatalytic CO2 conversion.11 
 
For all the above mentioned electrochemical applications involving proton 
conducting membranes, the basic requirements of the proton conductor are: (1) 
good thermal and electrochemical stability under operating conditions, (2) 
adequate mechanical properties (no brittleness or fragility) and (3) high proton 
conductivity.  
 
1.3 Research aim 
The development of protic organic salts as proton conductors has made important 
progress in recent years. Many new protic ionic liquids (PILs) and their polymer 
composites have been developed. Similarly, organic ionic plastic crystals (OIPCs) 
have recently been recognized as solid-state proton conductors that can exhibit 
excellent proton conductivity after acid doping. However, there is still a lot of 
research required before wide application of the protic organic salts family. Firstly, 
in terms of proton conductivity, better understanding of the proton transport 
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mechanism is essential. Secondly, in order to design protic organic salts with 
improved mechanical properties, the effects of introducing polymers on the 
thermal, structural, morphological and electrochemical properties require 
investigation.  
 
Therefore, the research aims in this PhD project are: 
Aim 1: Understand the relationship between chemical structure/composition of 
electrolytes based on protic organic salts and their ionic conductivity and 
molecular dynamics.  
Aim 2: Develop proton conducting materials based on organic protic salts and 
investigate their ion dynamics and electrochemical behaviour. 
 
1.4 Structure of thesis 
The thesis is structured as follows: 
Part I: (Chapters 1, 2 and 3) Introduction and literature review, gives a general 
background of electrochemical applications involving proton conducting 
membranes and a comprehensive overview of the development of proton 
conducting electrolytes. Details of materials preparation processes and 
experimental techniques are also included. 
Part II: (Chapters 4 and 5) Protic organic ionic plastic crystals based on a di-
functional cation and the influence of anion chemistry on the ionic conductivity 
and molecular dynamics, aims to understand the relationship between chemical 
structure/composition of electrolytes based on protic organic salts and their 
proton conductivity. 
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Part III: (Chapters 6 and 7) Proton conducting polymer composites based on protic 
organic salts, aims to obtain a fundamental understanding of the influence of the 
polymer matrix on the ion dynamics of the OIPCs and to develop novel proton 
conductors with improved properties 
Part IV: (Chapter 8) Conclusions and future work, summarizes the major findings 
of this research and proposes some directions for further studies. 
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Chapter 2 Literature Review  
2.1 Polymer electrolyte membranes 
Perfluorosulfonic polymers and derivatives, such as Nafion, are the most widely 
used proton conductors for polymer electrolyte membrane (PEM) applications 
due to their high proton conductivity, excellent chemical stability and good 
mechanical properties. PEMs can be generally categorized into two groups: 
perfluorinated and non-fluorinated. (Fig 2.1) 
 
Figure 2. 1 Classification of membranes based on polymer materials.1 
 
For electrochemical applications, there is a general requirement for proton 
conducting membranes to achieve high conductivity. At a molecular level, proton 
transport in the hydrated polymer matrix may occur via two plausible mechanisms: 
(1) the “Grotthuss mechanism” which is also known as “proton hopping”, or 
“structural diffusion mechanism”; and (2) the “vehicular mechanism” which is also 
called the “diffusion mechanism”.2  
Polymer electrolyte membranes 
Perfluorinated
- Per- and poly-fluorinated 
alkyl substances (PFSA)
- Perfluorinated carboxylic 
acid (sPFCA)
- Perfluorosulfonated 
ionomer (PFSI)
Non-fluorinated
- Sulfonated poly(ether 
ether ketone) (SPEEK)
- Sulfonated poly(4-
phenoxybenzoyl-1,4-
phenylene) (SPPBP)
- Methylbenzensulfonated 
polybenzimidazoles (MBS-
PBI)
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In the Grotthuss mechanism, protons hop from one hydrolyzed ionic site 
(SO)#H)O+) to another, via forming and breaking of the hydrogen bonds (Figure 
2.2a). In the vehicular mechanism, the protons are transported through the 
medium along with a carrier or proton solvent, for example, in the form of H3O+ 
(Figure 2.2b). The free volume in the polymeric chains in the membrane allows for 
the transport of H3O+ through the membrane. 
 
 
Figure 2. 2 Schematics of the Grotthuss mechanism3 (a) and vehicular mechanism4 
(b). 
 
2.1.1 Perfluorinated membranes 
Perfluorinated membranes (e.g. Nafion) are currently the most successful 
commercial proton conducting membranes in different electrochemical 
applications. The fluorine atom has a small size and high electronegativity, leading 
to strong C-F bonds and low polarizability. In the water-channel model of Nafion, 
the hydrophilic sulfonic acid groups ensure the high proton conductivity, while the 
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hydrophobic Teflon backbone provides good mechanical and chemical stability.5 
The conductivity of this system is mostly controlled by the level of humidification 
— the higher the water content, the higher the ionic conductivity obtained. There 
are some similar polymers, such as Flemion (produced by Asahi Glass) and Aciplex-
S (produced by Asahi Chemical).6 Compared to these two, Nafion is considered to 
be superior because of its high proton conductivity, good chemical stability and 
mechanical properties.7 However, in practice, further application of Nafion is 
limited by its low ion selectivity and high cost. A further limitation of 
perfluorosulfonic acid membranes is that high proton conductivity can only be 
achieved in the presence of water, which limits the operating temperature to 
under 100°C. Thus, alternative proton conductors are still being sought. 
Partially fluorinated membranes (such as PVDF) are one way of reducing the cost, 
while still retaining good chemical and mechanical stability. Ionic conductivity can 
be provided by grafting ionic groups onto the fluorocarbon polymers.5 
 
2.1.2 Non-fluorinated membranes 
Non-fluorinated membranes refer to those containing non-fluorinated 
hydrocarbon polymers, such as aliphatic or aromatic polymers with benzene ring 
structure in the backbone or the bulky pendant groups from the polymeric 
backbone.1 Using a hydrocarbon polymer backbone is one of the most promising 
approaches towards high-performance proton conducting PEMs. Compared to 
perfluorinated membranes, hydrocarbon polymers have several advantages 
which make them very attractive as proton conducting membranes. Firstly, they 
are cheaper and more commercially available. Secondly, incorporation of polar 
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groups into the hydrocarbon polymer results in high water uptake over a wide 
range of temperatures, and allows the absorbed water to be retained. Also, 
thermal and electrochemical stability can be greatly improved by proper 
molecular design, while these polymers may be recycled via conventional 
strategies.3 Figure 2.3 shows typical chemical structures of the polymers used in 
hydrocarbon membranes. 
 
 
Figure 2. 3 Chemical structures of hydrocarbon polymers suggested for PEMs.1 
 
Recently, sulfonated poly(tetramethyldiphenyl ether ether ketone) (SPEEK) 
polymers have attracted attention as proton conductors, especially in Vanadium 
Redox Flow Batteries (VRBs).8 Rigid biphenyl groups ensure good mechanical 
stability, while sulfonated parts provide the membranes with good conduction. 
Compared to Nafion under the same operating conditions, SPEEK membranes 
showed better performance. VRB single cells with SPEEK membranes had very 
high energy efficiency (EE>84%) and higher Coulombic efficiency (CE>97%), 
compared to that obtained with Nafion membranes (CE=94%). 
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One drawback of non-fluorinated membranes is the microstructure, which leads 
to low permeability, limiting their applications for devices. Also, their chemical 
stability needs to be further improved, which is an even greater challenge. 
 
2.2 Ionic liquid electrolytes  
As mentioned in Section 2.1, perfluorosulfonic acid membranes only show high 
proton conductivity in the presence of water, limiting the operating temperature 
of devices (e.g. fuel cells and redox flow batteries) to under 100°C. However, the 
performance of many of these devices can be improved if they are operated at 
elevated temperatures, resulting in enhanced electrochemical reaction, improved 
CO poisoning tolerance and simplified heating and water management. One 
approach to increase the working temperature of PEMs to above 100 °C is to 
replace the water within the polymer membrane with a proton-donating molecule 
with a higher boiling point than that of water.9  
In 2003, a protic ionic liquid (PIL) was reported as a proton conducting electrolyte 
to solve the issues mentioned above.10-11 PILs are easily synthesized by the 
combination of a Br,nsted acid and base. A typical PIL molecule comprises a bulky, 
asymmetric organic cation such as alkyl ammonium, imidazolium or piperidinium, 
and an inorganic or organic anion.12 PILs have received much interest for 
application within electrolyte membrane materials for high-temperature polymer 
electrolyte membrane fuel cells (PEMFCs).13 This is because of their nonvolatility, 
high proton conductivity, and excellent chemical and thermal stability, as well as 
the ability to work under anhydrous conditions.  
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2.2.1 Proton conduction mechanism in protic ionic liquids (PILs) 
In most cases, the proton transport in PILs is dominated by vehicular 
mechanisms.14 As shown in Figure 2.4, the protonated cations [BH+] of the PIL 
deprotonate at the cathode and form free base species [B], which transport to the 
anode to act as a vehicle for the protons generated during the hydrogen oxidation 
reaction (HOR). The low-basicity anions [A-] of the PIL either act as the hopping 
sites or can also serve as the carrier or ‘vehicle’ if sufficiently basic. Proton 
transport can also occur by a combination of Grotthuss and vehicular mechanisms 
in the PIL imidazole/bis(trifluoromethanesulfonyl)imide (HTFSI) ionic liquid 
mixtures, and many other systems.10, 15  
 
 
Figure 2. 4 Schematic illustration of H+ transport in a PIL of type [BH+][A-].14 
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2.2.2 Development of PILs as proton conductors 
Watanabe and co-workers were the first to demonstrate the potential of organic 
PILs as fuel cell electrolytes. They examined proton conducting PIL electrolytes 
made from the strong acid HTFSI and different organic amine bases.10 The 
imidazole/HTFSI salt showed ionic conductivity of 2.71 × 10#0	S/cm at 130 °C, 
and the polarization curve obtained from the cyclic voltammetry experiment 
demonstrated the potential application as an electrolyte for fuel cells. Following 
this study, this group has investigated over 80 PILs, and suggested a novel 
promising PIL, diethylmethylammonium trifluoromethanesulfonate ([DEMA][Tf]), 
obtaining an OCV of 1.03 V in a H2/O2 fuel cell at 150 °C under anhydrous 
conditions.16 Nakamoto and co-workers studied composites of 
bis(trifluoromethanesulfonyl)imide and benzimidazole (BIm) at different molar 
ratios. The neutral salts at equimolar ratio showed a thermal stability up to 350 °C 
along with good electrochemical stability. At 140 °C, the ionic conductivity of this 
salt reached 8.3 × 10#)S/cm, which is promising for device applications. The 
electrochemical polarization curve was obtained by cyclic voltammetry at 150°C 
without humidification.17 Yoshizawa-Fujita and co-workers investigated 
composites of 3-(1-butyl-1-H-imidazol-3-ium-3-yl)propane-1-sulfonate with three 
acids (HTFSI, HCH3SO3 and HCF3SO3). For the mixture with HTFSI, the ionic 
conductivity increased with acid content up to 50 mol%, reaching its peak of 1.0 × 10#)	S/cm at 100 °C. After that, no increase of conductivity was observed 
with increasing acid content. For both HCH3SO3 and HCF3SO3, the highest ionic 
conductivity (1.0 × 10#0 S/cm at 100 °C) was obtained with 90 mol% acid.18 More 
recently, Luo and co-workers compared the physicochemical properties of 
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phosphonium and ammonium PILs with trioctyl and triphenyl groups. 19 
Phosphonium-based PILs exhibited higher thermal stability than that of 
ammonium-based PILs and the octyl group ILs had higher thermal stability than 
the corresponding phenyl group ILs. In addition, higher ionic conductivity was 
observed in phosphonium-based PILs, which was as expected from their weaker 
hydrogen bonds. 
In recent years, many groups have been designing novel PILs for electrochemical 
applications. Treskow et al. developed a novel class of protic ionic liquids, anion 
amphiprotic ionic liquids (AAILs).20 (Figure 2.5) Unlike traditional PILs synthesized 
from Br , nsted acid and base, AAILs are simply prepared by anion-anion 
neutralization reactions, beginning with IL cation methylcarbonate and 
trifluoromethanesulfonamide (TFSIm). The melting points of these compounds 
are low (< 20 °C), and thus they displayed a reasonable conductivity of 10 mS/cm 
at 100 °C. The high mobility of the protons was detected by NMR diffusion tests 
and imidazolium family is stable up to 240 °C. 
 
 
Figure 2. 5 Synthesis scheme (a) for AAILs and Ions used in this work (b).20 
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Gorska et al. synthesized six novel PILs based on N-chloroalkyl-functionalized 
morpholinium, piperidinium, pyrrolidinium and alkylammonium cations, with 
bis[(trifluoromethyl)sulfonyl]imide (TFSI or TFSA) as anion. The physicochemical 
properties have been compared with those of their non-functionalized analogues 
to determine the influence of chlorine on different parameters. It was found the 
chloro-functionality decreased the melting point (-8.5 °C < Tm < 34.1 °C) of PILs 
and chloro-functionalized ILs exhibited superior thermal stability (up to 300 °C). 
Also, these PILs with N-chloroalkyl functionalized cations are more polarizable and 
display a wide electrochemical stability window (4.1 – 5.1 V). The conductivity 
values of these materials are reasonable (1.23 mS/cm < s < 1.71 mS/cm) and the 
viscosity values are relatively high (0.0665 Pa s < h < 0.1093 Pa s). This study 
reveals that functionalization of cations is a promising way to design new PILs with 
improved properties. 
In order to meet the requirements for an electrode separator, PILs should be 
incorporated within a polymer matrix to give high proton conductivity, while 
maintaining good mechanical strength and acting as a gas-diffusion barrier. 
Details will be reviewed in sections 2.4 and 2.5.3.  
 
2.3 Organic ionic plastic crystal electrolyte membranes 
An alternative method to obtain good proton conduction without necessarily 
incorporating PILs into the polymer matrix is to use solid-state proton conducting 
materials, such as protic organic ionic plastic crystals.  
Plastic crystals (PC) have received increasing interest as solid-state electrolytes for 
dye-sensitized solar cells21-23 and lithium batteries24-26 due to their unique thermal, 
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mechanical and electrochemical properties. There are two main types of organic 
PCs: molecular PCs, and more recently discovered organic ionic plastic crystal 
(OIPCs). OIPCs are usually composed of an organic cation, mostly globular in shape, 
and an inorganic anion; and, as with PILs, they are negligibly volatile compared to 
molecular plastic crystals. 
 
2.3.1 Ionic conduction mechanism in OIPCs 
A plastic crystal phase (also known as a rotator phase) combines long-range order 
and short-range disorder in its structure.14 Rotator phases can be obtained 
through solid-solid transitions, and are characterized by the onset of molecular 
rotations. In this phase, ions start to rotate around more than one axis, or swap 
between energetically equivalent positions.27 The first solid phase below the 
melting temperature is termed phase I by convention, with subsequent lower 
temperature phases termed phase II, III etc., respectively. The term “plastic crystal” 
refers to the softness of the material, especially in phase I, which is the highest-
temperature solid phase (Figure 2.6).  The unique malleability makes plastic 
crystals promising because it allows better contact between the electrolytes and 
electrodes.28-31 Molecular/ionic rotational motions, together with defects, 
mediate ionic conductivity in the plastic crystal phase. Thus, ionically-doped OIPCs 
can show high ionic conductivity.32 Orders of magnitude improvement of ionic 
conductivity has been observed after addition of dopant ions to plastic crystals.1, 
14, 32  
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Figure 2. 6 The DSC trace (second heating cycle) and conductivity [P1,2,2,4][PF6] as a 
function of temperature.33 
 
2.3.2 Proton conducting OIPCs 
Compared to molecular PCs, OIPCs are usually non-volatile, and are thus 
potentially suitable matrix materials for solid-state electrolytes. OIPCs have 
inherent ionic conductivity, which can be further improved by acid doping. Thus, 
OIPC are interesting solid-state electrolyte candidates, which should provide high 
ionic conductivity without humidification, and with improved mechanical 
properties. 
Our group has investigated the proton conductivity and proton conduction 
mechanism of OIPCs as potential solid-state proton conductors. One example 
examined was choline dihydrogenphosphate, [Choline][DHP], which exhibits good 
thermal stability and high conductivity in the rotator phase.34 Multinuclear 1H, 31P 
and 13C NMR was utilized to study the proton transport mechanism, and the NMR 
data suggested that the proton transport is mainly due to a “paddle wheel” 
mechanism (Figure 2.7), different to Grotthuss mechanism, rapid transport of 
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proton is facilitated by the 3-site rotation of phosphate anion not hydrogen 
bonds.35 This system was then further doped with phosphoric acid, and the proton 
transport behavior of [Choline][DHP] in the doped system was studied. It was 
found that the solid-phase transition temperature was not affected by acid doping, 
whereas the enthalpies decreased steadily with increasing acid concentration. 
This indicated that the content of the defective phase increased with increasing 
acid content. Thermal stability did not decrease after addition of acid — no 
significant weight loss was observed before 200 °C. The ionic conductivity 
increased by three orders of magnitude at room temperature after acid doping, 
which is consistent with increased mobility of cation and anion analyzed by static 
1H NMR. However, as the acid content reached 45 mol%, the cation became less 
mobile, which is consistent with the decrease in proton conduction current 
obtained from electrochemical analysis. Two different proton diffusion 
environments — [Choline]+ and faster-diffusing protons from H+ or OH- — were 
observed by pulsed field gradient NMR measurements.35 This suggests that 
proton transport is decoupled from anion mobility, and that protons experience 
fast exchange with OH protons; therefore both Grotthuss and “paddle wheel” 
proton transport mechanisms contribute to the proton transport in 
[Choline][DHP]. In the electrochemical study of acid-doped materials, no proton 
conduction current was observed in the neat materials, while proton conduction 
current increased with increasing phosphoric acid concentration, although the 
current was still low. Subsequently, triflic acid and HTFSI have also been used as 
acid dopants in [Choline][DHP]; the results indicated that using a less basic anion 
results in greater decoupling of the proton motion from that of the matrix.36 4 mol% 
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triflic acid doping can improve the conductivity by three orders of magnitude 
without disrupting the crystalline lattice. This acid-doped sample showed good 
proton conduction currents, far higher than those seen with the phosphoric-acid-
doped system. The same effects of acid doping are also observed in the HTFSI-
doped system.36  
 
 
Figure 2. 7 Paddle wheel mechanism: H+ transport occurs via rotator motion of 
[DHP]-. 35 
 
Rana et al. developed a new aprotic OIPC, [Choline][triflate], and found that 
single-phase proton conductors could be obtained after triflic acid doping.37 The 
thermal stability was comparable to that of [Choline][DHP], which is stable up to 
200 °C. Interestingly, the conductivity of the acid-doped materials was even lower 
than that of the neat [Choline][triflate], indicating a less defective phase after 
doping. This is consistent with the III-II transition temperature change from -43 °C 
to -4~-6 °C after triflic acid doping. However, in the temperature range of interest 
above 100 °C, the conductivity of both the neat and acid-doped [Choline][triflate] 
can reach 2 × 10#)	S/cm at 120 °C and NMR studies suggest that the proton 
diffusion rate is twice that of the anion.37 Furthermore, electrochemical analysis 
showed clear proton conduction behaviour in the triflic-acid-doped 
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[Choline][triflate], and hydrogen oxidation reaction was also evident, which was 
not observed in experiments using neat or doped [Choline][DHP].  
Protic OIPCs are analogous to protic ILs, being formed by proton transfer between 
a Brønsted acid and Brønsted base. The first series of protic OIPCs based on 
ammonium and phosphonium cations, [N4,4,4,H][triflate] and [P4,4,4,H][triflate] show 
particularly promising phase behavior38 for application as proton conductors for 
fuel cells.  
Recently, Zhu et al. have investigated the guanidinium triflate (GTf) system, where 
several orders of magnitude improvement in the proton conductivity can be 
achieved after triflic acid (HTf) doping of the GTf matrix.39 Their NMR study 
showed that the grain-boundary conduction is the main reason for the increase of 
conductivity, and that the protons conduct via hopping between the anions. Also, 
the triflic anion group exhibited high rotational mobility, while the guanidinium 
sublattice remained rigid within the temperature range examined. 
Protic OIPCs based on novel anions have been investigated. Luo et al. have 
explored 1,2,4-triazolium nonaflate (or perfluorobutanesulfonate), a POIPC with 
a broad temperature range (87 – 181 °C) of PC phase, which may be a promising 
candidate for anhydrous proton conductors.40 The ionic conductivity of this POIPC 
could reach 1.07 × 10#$	S/cm, which is reasonable. The Arrhenius plot of ionic 
conductivity revealed that the phase I region has a low activation energy of ~36.7 
kJ mol-1 (i.e., ~0.38 eV), implying that the proton conduction in this material is 
predominantly via the Grotthuss mechanism. Fundamentally, this study revealed 
that the Brønsted acid and base in POIPCs are proton donor and acceptor, and 
proton hopping can be accomplished via forming and breaking of hydrogen 
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bonds.40 More importantly, 1,2,4-triazolium nonaflate has been used as an 
anhydrous proton conductor in a dry hydrogen/air fuel cell, where measurement 
of open circuit voltage (OCVs) and polarization curves demonstrated the potential 
of this POIPC as a solid-state electrolyte in PEMFCs. Following this work, Chen et 
al. developed another novel POIPC, guanidinium nonaflate ([Gdm-H][NfO]), based 
on the same anion.41 Its melting point is at 186.2 °C, which makes it a promising 
proton conductor for a high temperature fuel cell (100 – 200 °C). An ionic 
conductivity of 2.1 × 10#)	S/cm was achieved before melting. The activation 
energy values obtained from the Arrhenius fit to the ionic conductivity data in the 
high temperature plastic crystalline phase imply that proton conduction is via a 
vehicle mechanism, and after melting, proton conduction occurs via a 
combination of both a vehicle mechanism and a Grotthuss mechanism. 
More recently, Chong et al. have developed two novel protic salts based on small, 
symmetric cations, 2-methylimidazolium triflate ([2-MeHIm][TfO]), and 2-
methylimidazolinium triflate ([2-MeHImn][TfO]), where the only difference 
between these two salts is the saturation at the C4 and C5 position.42 However, 
[2-MeHIm][TfO] has two solid-solid transitions, while none were observed in [2-
MeHImn][TfO]. Both materials show a disordered solid-state (entropy of fusion < 
40 JK-1 mol-1), which leads to relatively high conductivity at room temperature 
(10#4	S/cm). The addition of either component acid or base can effectively 
enhance the conductivity to over 10#$	 S/cm, as the dopant increases the 
proportion of diffusive ions, as revealed by NMR. The ionic conductivities of 
various protic ILs and protic OIPCs are summarized in Table 2.1. 
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PILs Conductivity at 
120 °C (10#0	S/cm) POIPCs Conductivity (10#)	S/cm) 
[DEMA][HNTf2] 4.6 [Choline][DHP] 0.04 (130 °C 
[Im][HNTf2] 0.57 [Choline][Tf] 2 120 °C 
[BIm][HNTf2] 0.87 1,2,4-triazolium 
nonaflate 
0.1 (180 °C) 
[DEMA][Tf] 4.33 [Gdm-H][NfO] 2.1 (before 186 °C) 
[DEMA][H3PO4] 0.65   
Table 2. 1 Ionic conductivities of various protic ILs and protic OIPCs.  
 
2.4 Gel polymer electrolyte membranes  
Immobilizing ILs for solid-state applications is challenging, and one way is to form 
a three-dimensional network with ILs throughout the matrix. Gel polymer 
electrolytes (GPE) are a class of proton conductors which combine the high 
conductivity of liquid electrolytes and good mechanical properties of polymer, and 
also can be easily shaped into thin films. GPEs can be prepared by swelling a 
polymer matrix in a solution containing conducting species, or by solvent casting 
the polymer with an appropriate plasticizer.43-45 The plasticizers act as the proton 
donor; protic ionic liquids (PIL) are promising plasticizers due to their high proton 
conductivity, and good chemical and thermal stability as well as wide 
electrochemical stability window.11, 15, 46 GPEs based on ionic liquids are also 
known as “ion gels” or “ionogels”.47 Ion gels maintain the electrochemical 
properties of ILs, while avoiding leakage – leading to improved safety, easier 
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fabrication and a broader range of applications for ILs.46 There are two limitations 
of GPEs based on ILs: (a) miscibility and (b) loss of mechanical resistance. However, 
many ILs have shown good compatibility with polymers and  also provide good 
flexibility; an example is the combination of imidazolium salts and 
poly(methylmethacrylate) (PMMA).46, 48 The thermal stability of PMMA was 
improved upon incorporation with ILs. Another limitation associated with 
plasticizing effect is that increasing content of ILs results in reduced mechanical 
resistance. Crosslinking is a good way to improve the mechanical stability, and 
enable a high IL content, and thus high conductivity.49-51 
Poly(ethylene oxide)s (PEO), sulfonated tetrafluoroethylenes (Nafions) and 
poly(vinylidene fluoride-co-hexafluoropropylene)s (PVDF-HFP) are most popular 
host polymers in GPEs for lithium batteries, fuel cells and solar cells.46, 52-53 
However, some traditional polymers have a strong interaction with specific groups 
and decrease the mobility of ions.54 Recently, polymerized ionic liquids (polyILs) 
have attracted increasing attention due to their greater compatibility with ILs.55 
Polymerized or poly(ionic liquid) refers to polymers derived from ionic liquids, 
where either the cation or the anion or both are incorporated into the backbone.55 
Pont et al. developed a series of pyrrolidinium-based polyILs and found that 
poly(diallyldimethylammonium) bis(trifluoromethanesulfonyl)imide, (PDADMA 
TFSI) exhibited promising performance when incorporated with up to 50 wt% IL. 
These GPEs showed a good electrochemical stability window (~5.0V) and good 
conductivity of above 10-4 S/cm at room temperature, and did not show phase 
separation.56 More recently, Wang et al. developed free-standing GPEs based on 
PDADMA TFSI and high lithium salt concentration ILs; the composition was 
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optimized by changing the content of ILs and Al2O3 nanoparticles.45 The highest 
conductivity obtained was 0.28 mS/cm at 30 °C, and the solid-state NMR results 
revealed that increasing the amount of PDADMA TFSI can decrease the mobility 
of anions and enhance the diffusivity of Li+. The unique advantages of PDADMA 
TFSI may also work when combined with protic ILs. 
 
2.5 Polymer composite membranes 
2.5.1 Polymeric acid-base complex membranes 
Acid-base complexes have attracted interest as potential candidates for 
membranes due to their high conductivity at elevated temperatures in the 
anhydrous state. In acid-base complexes, an acid component is generally 
incorporated into an alkaline polymer base to improve proton conductivity.57  
The phosphoric-acid-doped polybenzimidazole (PBI/H3PO4) membrane was by far 
the most successful system for high temperature PEMFC. Compared to Nafion, no 
gas humidification is required in the PBI system, which results in elimination of 
the complicated humidification system. Also, the interactions between acid and 
base polymers are mainly ionic crosslinking and hydrogen bonding, which 
contributes to low water uptake without losing flexibility. Its high proton 
conductivity, good thermal stability and high mechanical flexibility and strength 
also make it a promising proton conductor.58  
Unlike in the Nafion system, the conductivity of acid-base complex membranes 
depends on the doping level and temperature rather than the water content. It 
was observed that the conductivity of the doped PBI membrane could improve 
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from 4.6 × 10#0 S/cm to 0.13 S/cm by increasing the doping level from 450 % to 
about 1600 % at 165 °C.57 This can be explained by the decrease of the distance 
between the clusters of acid groups and the anions support the proton hopping 
between the imidazole sites. Data reported by Bouchet et al. also supports the 
Grotthuss mechanism for PBI/ H3PO4 system.59 
Although doped PBI membranes showed promising performance for fuel cell 
applications, high phosphoric acid uptake can lead to degradation of membranes 
and electrodes.60 Thus, their long-term stability still needs to be improved. The 
important acid-base complexes are summarized in Table 2.2. 
 
No. 1 2 3 
Membrane 
Materials 
SPEEK/PBI PVA/ H3PO4 PBI/ H3PO4 
Blend Ratio 90/10 Highly doped 500% doped 
Physical 
properties 
High temperature 
tolerance at 350 °C 
Thermally stable 
Good miscibility 
Good mechanical 
strength 
Good mechanical 
strength 
Thermally stable 
Observations Short-term tests 
(300 hr) yield 
comparable 
performance to 
Nafion 112 
With decreasing acid 
concentration, 
Grotthuss transport 
mechanism 
decreases  
Doped PBI shows 
greater potential 
for fuel cell 
operating at 
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moderate 
temperatures 
In situ 
Performance 
Higher voltages of 
650 mV obtainable 
at high current 
densities of 1000 
mA/cm2 for 
Hydrogen fuel cell 
Low open cell 
voltage 
(a max. of 436 mV 
With 
very low current 
Density of 
1 mA/cm2) 
Maximum 
conductivity of 10-1 
S/cm  
Conductivity of 6 
× 10-2 S/cm 
achievable 
Table 2. 2  Acid-base blends.61-62 
 
2.5.2 PIL/Polymer composite membranes 
As mentioned, PILs have attracted a lot of interest because they can have high 
anhydrous proton conductivity while still maintaining adequate thermal stability. 
However, using PILs directly as proton conducting membranes is challenging 
because their poor mechanical properties mean that they cannot act as the 
separator to prevent crossover of reactants. Thus, recent research work has been 
focused on incorporation of PILs into polymer membranes including (1) Nafion 
and derivatives9, 63-65, and (2) other polymer systems66-68. 
Martinez and co-workers have studied the properties of PILs prepared from a 
range of primary, secondary and tertiary amines, and then incorporated these PILs 
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into neutralized Nafion® 117.9 They found that the highest conductivity could 
reach 10 mS/cm at 130 °C under fully anhydrous conditions, which is higher than 
that of pure modified Nafion at 120 °C (0.2 mS/cm). However, the mechanical 
properties of these systems were still not adequate. 
Alternative polymer materials such polyimides66, polyvinylidene-fluoride (PVDF)68, 
polybenzimidazole69, and polyacrylamide/polyethylene glycol70 have been under 
investigation for the formation of composite membranes with PILs. Watanabe and 
co-workers have incorporated diethylmethylammonium triflate ([DEMA][Tf]) 
ionic liquid into sulfonated polyimide membranes, and obtained high proton 
transport.66, 71 Although the fuel cell performance decreased with increasing 
temperature due to decreased Pt activity and poor contact between membranes 
and electrodes, the OCV at 120 °C was stable for more than 230 h in the anhydrous 
state with a continuous gas flow. 
One significant challenge that PIL/polymer composites need to overcome is that 
phase separation often occurs between the PILs and the polymer, and the PIL 
component leaches out gradually during long-term operation. 
 
2.5.3 OIPC/Polymer composite membranes 
Pure OIPCs are usually powdery or waxy and cannot readily be fabricated into 
freestanding, flexible membranes without additives. Thus, OIPCs have often been 
incorporated into a polymer matrix as a support, which can enhance the 
mechanical properties and ease the fabrication of electrolytes.72-74 
Initially, OIPC/polymer composites were prepared by melting the polymer and 
OIPC together. Efthimiadis et al. developed a composite material based on an 
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amorphous polymer, polyethylene oxide (PEO), and OIPC, [C3mpyr][BF4].75 It was 
found that adding PEO decreased the melting point of [C3mpyr][BF4], while not 
changing the solid-solid transition temperatures. In terms of conductivity, the 
[C3mpyr][BF4]/PEO composite exhibited a much lower value than that of pure 
[C3mpyr][BF4] and it was hypothesized that the PEO occupied the grain boundaries 
of [C3mpyr][BF4], thus blocking the ion conduction and lowering the overall 
conductivity.  
 
 
Figure 2. 8 General procedure for solvent casting.76  
 
On the other hand, electrospun nanofibers with high surface area have attracted 
attention for electrolyte fabrication due to their good thermal/electrochemical 
stability and superior mechanical strength. OIPC/PVDF nanofiber composite 
membranes have recently been reported to have good performance in 
electrochemical applications.77-79 Howlett et al. first reported all-solid-state 
OIPC/Polymer nanofiber composite electrolytes.76 Composites of plastic crystal 
and electrospun nanofibers were prepared by solvent casting, as shown in Figure 
2.8. The new composite based on PVDF and N-methyl-N-ethyl pyrrolidinium 
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tetrafluoroborate [C2mpyr][BF4] is optically transparent, flexible, freestanding and 
thin. After incorporation of PVDF nanofibers, in contrast to the earlier work with 
PEO, the composite exhibited an order of magnitude higher conductivity than that 
of pure [C2mpyr][BF4], making it a promising solid-state electrolyte for 
electrochemical applications. The influence of lithium doping was also studied in 
this work; the LiBF4 doped composites showed improved conductivity at low 
temperature but decreased conductivity in Phase I compared to the pure OIPC. 
Following this work, Iranipour et al. found that the improvement of conductivity 
after addition of PVDF fibers is due to the influence of the polymer fiber on the 
defects and the stabilization of the disordered phases in the OIPC.78 The 
introduction of PVDF nanofibers resulted in significant change to the crystal 
structure, enlarging the lattice, decreasing the grain size and introducing defects. 
These changes led to activation of rotator sites at lower temperatures and 
increased the number of rotating sites in the structure, thus improving the ionic 
conductivity. Zhou et al. also observed a similar defect-mediated ion conduction 
mechanism in pure [C2mpyr][FSI].79 LiFSI-doped [C2mpyr][FSI]/PVDF composites 
with different lithium dopant concentrations and different weight ratios of plastic 
crystals were investigated. The composite with 10 wt% PVDF yielded the highest 
conductivity, and was subsequently tested in lithium symmetric cells. This 
composite exhibited good electrochemical performance and long-term (more 
than 500 cycles) stability. 
Recently, Díaz et al. developed composite membranes based on POIPCs and PVDF 
nanofibers as electrolytes for proton exchange membrane fuel cells (PEMFCs).80 
The incorporation of electrospun PVDF nanofibers in 1-(N,N-Dimethylamino)-2-
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(ammonium)ethane triflate ([DMEDAH][Tf]) resulted in a slightly lower 
conductivity than that of the pure [DMEDAH][Tf]. However, the 
[DMEDAH][Tf]/PVDF composite has been successfully applied in PEMFCs under 
non-humidified conditions, with an open circuit voltage (OCV) of 0.53 V and a 
current density of 0.45	µA cm-2 obtained at 0.15 V and 25 °C. Addition of triflic acid 
further enhanced the conductivity of the composites as well as the fuel cell 
performance, reaching an OCV of 0.74 V and current density of 61 mA cm-2 under 
the same operating conditions. This study demonstrates the potential of using 
POIPC/polymer nanofiber composite membranes as electrolytes for fuel cells 
under anhydrous conditions.   
In summary, the development of proton conductors has made important progress 
in recent years. Many novel PILs and their polymer composites have been 
developed. Similarly, protic OIPCs have recently been recognized as solid-state 
proton conductors that can exhibit excellent proton conductivity after acid 
addition. However, there is still substantial research required to achieve wide 
application of the protic organic salt family. For instance, in order to design novel 
protic OIPCs with improved proton conductivity, better understanding of the 
proton transport mechanism is essential. Regarding the OIPC/polymer composite 
electrolytes, there is still limited knowledge of the influences of polymer 
nanofibers on the interface between polymer and OIPC. To further develop and 
understand proton conductors based on protic organic salts, the experimental 
studies in Chapters 4, 5, 6 and 7 were completed.  
  
 36 
2.6 References  
1. Peighambardoust, S. J.; Rowshanzamir, S.; Amjadi, M., Review of the 
proton exchange membranes for fuel cell applications. International Journal of 
Hydrogen Energy 2010, 35 (17), 9349-9384. 
2. Kreuer, K.-D., Proton conductivity: materials and applications. Chemistry 
of Materials 1996, 8 (3), 610-641. 
3. DeLuca, N. W.; Elabd, Y. A., Polymer electrolyte membranes for the direct 
methanol fuel cell: A review. Journal of Polymer Science Part B: Polymer Physics 
2006, 44 (16), 2201-2225. 
4. Hogarth, W. H.; Da Costa, J. D.; Lu, G. M., Solid acid membranes for high 
temperature (> 140° C) proton exchange membrane fuel cells. Journal of Power 
Sources 2005, 142 (1-2), 223-237. 
5. Li, X.; Zhang, H.; Mai, Z.; Zhang, H.; Vankelecom, I., Ion exchange 
membranes for vanadium redox flow battery (VRB) applications. Energy & 
Environmental Science 2011, 4 (4), 1147-1160. 
6. Kreuer, K. D., On the development of proton conducting polymer 
membranes for hydrogen and methanol fuel cells. Journal of Membrane Science 
2001, 185 (1), 29-39. 
7. Motupally, S.; Becker, A. J.; Weidner, J. W., Diffusion of water in Nafion 
115 membranes. Journal of The Electrochemical Society 2000, 147 (9), 3171-3177. 
8. Mai, Z.; Zhang, H.; Li, X.; Bi, C.; Dai, H., Sulfonated poly 
(tetramethydiphenyl ether ether ketone) membranes for vanadium redox flow 
battery application. Journal of Power Sources 2011, 196 (1), 482-487. 
 37 
9. Martinez, M.; Molmeret, Y.; Cointeaux, L.; Iojoiu, C.; Leprêtre, J.-C.; El Kissi, 
N.; Judeinstein, P.; Sanchez, J.-Y., Proton-conducting ionic liquid-based Proton 
Exchange Membrane Fuel Cell membranes: The key role of ionomer–ionic liquid 
interaction. Journal of Power Sources 2010, 195 (18), 5829-5839. 
10. Susan, M. A. B. H.; Noda, A.; Mitsushima, S.; Watanabe, M., Brønsted acid–
base ionic liquids and their use as new materials for anhydrous proton conductors. 
Chemical Communications 2003,  (8), 938-939. 
11. Wu, X.; Angell, C. A., Solvent-free electrolytes with aqueous solution–like 
conductivities. Science 2003, 302, 422-425. 
12. MacFarlane, D. R.; Forsyth, M.; Howlett, P. C.; Kar, M.; Passerini, S.; Pringle, 
J. M.; Ohno, H.; Watanabe, M.; Yan, F.; Zheng, W., Ionic liquids and their solid-
state analogues as materials for energy generation and storage. Nature Reviews 
Materials 2016, 1 (2), 15005. 
13. Bose, S.; Kuila, T.; Nguyen, T. X. H.; Kim, N. H.; Lau, K.-t.; Lee, J. H., Polymer 
membranes for high temperature proton exchange membrane fuel cell: Recent 
advances and challenges. Progress in Polymer Science 2011, 36 (6), 813-843. 
14. Rana, U. A.; Forsyth, M.; MacFarlane, D. R.; Pringle, J. M., Toward protic 
ionic liquid and organic ionic plastic crystal electrolytes for fuel cells. 
Electrochimica Acta 2012, 84, 213-222. 
15. Akihiro, N.; Md. Abu, B. H. S.; Kenji, K.; Shigenori, M.; Kikuko, H.; Masayoshi, 
W., Brønsted Acid−Base Ionic Liquids as Proton-Conducting Nonaqueous 
Electrolytes. The Journal of Physical Chemistry B 2003, 107, 4024-4033. 
16. Nakamoto, H.; Watanabe, M., Bronsted acid-base ionic liquids for fuel cell 
electrolytes. Chemical Communnications 2007,  (24), 2539-2541. 
 38 
17. Nakamoto, H.; Noda, A.; Hayamizu, K.; Hayashi, S.; Hamaguchi, H.-o.; 
Watanabe, M., Proton-conducting properties of a brønsted acid-base ionic liquid 
and ionic melts consisting of bis (trifluoromethanesulfonyl) imide and 
benzimidazole for fuel cell electrolytes. The Journal of Physical Chemistry C 2007, 
111 (3), 1541-1548. 
18. Yoshizawa-Fujita, M.; Byrne, N.; Forsyth, M.; MacFarlane, D. R.; Ohno, H., 
Proton transport properties in zwitterion blends with Brønsted acids. The Journal 
of Physical Chemistry B 2010, 114 (49), 16373-16380. 
19. Luo, J.; Conrad, O.; Vankelecom, I. F., Physicochemical properties of 
phosphonium-based and ammonium-based protic ionic liquids. Journal of 
Materials Chemistry 2012, 22 (38), 20574-20579. 
20. Treskow, M.; Pitawala, J.; Arenz, S.; Matic, A.; Johansson, P., A new class of 
ionic liquids: Anion amphiprotic ionic liquids. The Journal of Physical Chemistry 
Letters 2012, 3 (16), 2114-2119. 
21. Armel, V.; Pringle, J. M.; Wagner, P.; Forsyth, M.; Officer, D.; MacFarlane, 
D. R., Porphyrin dye-sensitised solar cells utilising a solid-state electrolyte. 
Chemical Communications 2011, 47 (33), 9327-9329. 
22. Armel, V.; Forsyth, M.; MacFarlane, D. R.; Pringle, J. M., Organic ionic 
plastic crystal electrolytes; a new class of electrolyte for high efficiency solid state 
dye-sensitized solar cells. Energy & Environmental Science 2011, 4 (6), 2234-2239. 
23. Dai, Q.; MacFarlane, D. R.; Howlett, P. C.; Forsyth, M., Rapid I−/I3− diffusion 
in a molecularplasticcrystal electrolyte for potential application in solidstate 
photoelectrochemical cells. Angewandte Chemie 2005, 117 (2), 317-320. 
 39 
24. Howlett, P. C.; Shekibi, Y.; MacFarlane, D. R.; Forsyth, M., Li Metal 
Symmetrical Cell studies using ionic organic plastic crystal electrolyte. Advanced 
Engineering Materials 2009, 11 (12), 1044-1048. 
25. Abouimrane, A.; Abu-Lebdeh, Y.; Alarco, P.-J.; Armand, M., Plastic crystal-
lithium batteries: An effective ambient temperature all-solid-state power source. 
Journal of The Electrochemical Society 2004, 151 (7), A1028-A1031. 
26. Abouimrane, A.; Alarco, P.-J.; Abu-Lebdeh, Y.; Davidson, I.; Armand, M., 
Plastic crystalline phases of crown ether: salt complexes and their utilization in 
lithium-metal batteries. Journal of Power Sources 2007, 174 (2), 1193-1196. 
27. MacFarlane, D. R.; Forsyth, M., Plastic crystal electrolyte materials: new 
perspectives on solid state ionics. Advanced Materials 2001, 13 (1213), 957-966. 
28. Adebahr, J.; Ciccosillo, N.; Shekibi, Y.; MacFarlane, D. R.; Hill, A.; Forsyth, 
M., The “filler-effect” in organic ionic plastic crystals: Enhanced conductivity by 
the addition of nano-sized TiO2. Solid State Ionics 2006, 177 (9), 827-831. 
29. Brown, L., Dislocation plasticity in persistent slip bands. Materials Science 
and Engineering: A 2000, 285 (1), 35-42. 
30. Efthimiadis, J.; Forsyth, M.; MacFarlane, D. R., A surface characterisation 
and microstructural study by Scanning Electron Microscopy of the N-methyl-N-
alkylpyrrolidinium tetrafluoroborate organic salts. Journal of Materials Science 
2003, 38 (15), 3293-3301. 
31. Hill, A.; Huang, J.; Efthimiadis, J.; Meakin, P.; Forsyth, M.; MacFarlane, D. 
R., Microstructural and molecular level characterisation of plastic crystal phases 
of pyrrolidinium trifluoromethanesulfonyl salts. Solid State Ionics 2002, 154, 119-
124. 
 40 
32. MacFarlane, D. R.; Huang, J.; Forsyth, M., Lithium-doped plastic crystal 
electrolytes exhibiting fast ion conduction for secondary batteries. Nature 1999, 
402 (6763), 792-794. 
33. Jin, L.; Nairn, K. M.; Forsyth, C. M.; Seeber, A. J.; MacFarlane, D. R.; Howlett, 
P. C.; Forsyth, M.; Pringle, J. M., Structure and transport properties of a plastic 
crystal ion conductor: diethyl(methyl)(isobutyl)phosphonium 
hexafluorophosphate. Journal of the American Chemical Society 2012, 134 (23), 
9688-9697. 
34. Yoshizawa-Fujita, M.; Fujita, K.; Forsyth, M.; MacFarlane, D. R., A new class 
of proton-conducting ionic plastic crystals based on organic cations and 
dihydrogen phosphate. Electrochemistry Communications 2007, 9 (5), 1202-1205. 
35. Rana, U. A.; Bayley, P. M.; Vijayaraghavan, R.; Howlett, P.; MacFarlane, D. 
R.; Forsyth, M., Proton transport in choline dihydrogen phosphate/H 3 PO 4 
mixtures. Physical Chemistry Chemical Physics 2010, 12 (37), 11291-11298. 
36. Rana, U. A.; Vijayaraghavan, R.; MacFarlane, D. R.; Forsyth, M., Plastic 
crystal phases with high proton conductivity. Journal of Materials Chemistry 2012, 
22 (7), 2965-2974. 
37. Rana, U. A.; Vijayaraghavan, R.; MacFarlane, D. R.; Forsyth, M., An organic 
ionic plastic crystal electrolyte based on the triflate anion exhibiting high proton 
transport. Chemical Communications 2011, 47 (22), 6401-6403. 
38. Rana, U. A.; Vijayaraghavan, R.; Walther, M.; Sun, J.; Torriero, A. A.; Forsyth, 
M.; MacFarlane, D. R., Protic ionic liquids based on phosphonium cations: 
comparison with ammonium analogues. Chemical Communications 2011, 47 (42), 
11612-11614. 
 41 
39. Zhu, H.; Rana, U. A.; Ranganathan, V.; Jin, L.; O'Dell, L. A.; MacFarlane, D. 
R.; Forsyth, M., Proton transport behaviour and molecular dynamics in the 
guanidinium triflate solid and its mixtures with triflic acid. The Journal of Physical 
Chemistry A 2014, 2 (3), 681-691. 
40. Luo, J.; Jensen, A. H.; Brooks, N. R.; Sniekers, J.; Knipper, M.; Aili, D.; Li, Q.; 
Vanroy, B.; Wübbenhorst, M.; Yan, F.; Van Meervelt, L.; Shao, Z.; Fang, J.; Luo, Z.-
H.; De Vos, D. E.; Binnemans, K.; Fransaer, J., 1,2,4-Triazolium 
perfluorobutanesulfonate as an archetypal pure protic organic ionic plastic crystal 
electrolyte for all-solid-state fuel cells. Energy & Environmental Science 2015, 8 (4), 
1276-1291. 
41. Chen, X.; Tang, H.; Putzeys, T.; Sniekers, J.; Wübbenhorst, M.; Binnemans, 
K.; Fransaer, J.; De Vos, D. E.; Li, Q.; Luo, J., Guanidinium nonaflate as a solid-state 
proton conductor. Journal of Materials Chemistry A 2016, 4 (31), 12241-12252. 
42. Chong, A. L.; Zhu, H.; Nairn, K. M.; Forsyth, M.; Macfarlane, D. R., 
Enhancing solid-state conductivity through acid or base doping of protic 
imidazolium and imidazolinium triflate salts. The Journal of Physical Chemistry C 
2017, 121 (50), 27849–27859. 
43. Łatoszyńska, A. A.; Taberna, P.-L.; Simon, P.; Wieczorek, W., Proton 
conducting Gel Polymer Electrolytes for supercapacitor applications. 
Electrochimica Acta 2017, 242, 31-37. 
44. Li, M.; Wang, X.; Yang, Y.; Chang, Z.; Wu, Y.; Holze, R., A dense cellulose-
based membrane as a renewable host for gel polymer electrolyte of lithium ion 
batteries. Journal of Membrane Science 2015, 476, 112-118. 
 42 
45. Wang, X.; Zhu, H.; Girard, G. M.; Yunis, R.; MacFarlane, D. R.; Mecerreyes, 
D.; Bhattacharyya, A. J.; Howlett, P. C.; Forsyth, M., Preparation and 
characterization of gel polymer electrolytes using poly (ionic liquids) and high 
lithium salt concentration ionic liquids. Journal of Materials Chemistry A 2017, 5 
(45), 23844-23852. 
46. Le Bideau, J.; Viau, L.; Vioux, A., Ionogels, ionic liquid based hybrid 
materials. Chemical Society Reviews 2011, 40 (2), 907-925. 
47. Susan, M. A. B. H.; Kaneko, T.; Noda, A.; Watanabe, M., Ion gels prepared 
by in situ radical polymerization of vinyl monomers in an ionic liquid and their 
characterization as polymer electrolytes. Journal of the American Chemical Society 
2005, 127 (13), 4976-4983. 
48. Jiang, J.; Gao, D.; Li, Z.; Su, G., Gel polymer electrolytes prepared by in situ 
polymerization of vinyl monomers in room-temperature ionic liquids. Reactive 
and Functional Polymers 2006, 66 (10), 1141-1148. 
49. Klingshirn, M. A.; Spear, S. K.; Subramanian, R.; Holbrey, J. D.; Huddleston, 
J. G.; Rogers, R. D., Gelation of ionic liquids using a cross-linked poly (ethylene 
glycol) gel matrix. Chemistry of Materials 2004, 16 (16), 3091-3097. 
50. Rupp, B.; Schmuck, M.; Balducci, A.; Winter, M.; Kern, W., Polymer 
electrolyte for lithium batteries based on photochemically crosslinked poly 
(ethylene oxide) and ionic liquid. European Polymer Journal 2008, 44 (9), 2986-
2990. 
51. Sterner, E. S.; Rosol, Z. P.; Gross, E. M.; Gross, S. M., Thermal analysis and 
ionic conductivity of ionic liquid containing composites with different crosslinkers. 
Journal of Applied Polymer Science 2009, 114 (5), 2963-2970. 
 43 
52. Bruce, P. G.; Scrosati, B.; Tarascon, J. M., Nanomaterials for rechargeable 
lithium batteries. Angewandte Chemie International Edition 2008, 47 (16), 2930-
2946. 
53. Lu, J.; Yan, F.; Texter, J., Advanced applications of ionic liquids in polymer 
science. Progress in Polymer Science 2009, 34 (5), 431-448. 
54. Bhandary, R.; Schönhoff, M., Polymer effect on lithium ion dynamics in gel 
polymer electrolytes: Cationic versus acrylate polymer. Electrochimica Acta 2015, 
174, 753-761. 
55. Osada, I.; de Vries, H.; Scrosati, B.; Passerini, S., Ionic  liquid  based 
polymer electrolytes for battery applications. Angewandte Chemie International 
Edition 2016, 55 (2), 500-513. 
56. Pont, A.-L.; Marcilla, R.; De Meatza, I.; Grande, H.; Mecerreyes, D., 
Pyrrolidinium-based polymeric ionic liquids as mechanically and electrochemically 
stable polymer electrolytes. Journal of Power Sources 2009, 188 (2), 558-563. 
57. Smitha, B.; Sridhar, S.; Khan, A. A., Solid polymer electrolyte membranes 
for fuel cell applications—a review. Journal of Membrane Science 2005, 259 (1-2), 
10-26. 
58. Wu, D.; Xu, T.; Wu, L.; Wu, Y., Hybrid acid–base polymer membranes 
prepared for application in fuel cells. Journal of Power Sources 2009, 186 (2), 286-
292. 
59. Bouchet, R.; Miller, S.; Duclot, M.; Souquet, J. L., A thermodynamic 
approach to proton conductivity in acid-doped polybenzimidazole. Solid State 
Ionics 2001, 145 69–78. 
 44 
60. Li, Q.; He, R.; Jensen, J.; Bjerrum, N., PBIbased polymer membranes for 
high temperature fuel cells  preparation, characterization and fuel cell 
demonstration. Fuel Cells 2004, 4 (3), 147-159. 
61. Kerres, J.; Ullrich, A.; Meier, F.; Häring, T., Synthesis and characterization 
of novel acid–base polymer blends for application in membrane fuel cells. Solid 
State Ionics 1999, 125 (1), 243-249. 
62. Vargas, M.; Vargas, R.; Mellander, B., New proton conducting membranes 
based on PVAL/H3PO2/H2O. Electrochimica Acta 1999, 44 (24), 4227-4232. 
63. Iojoiu, C.; Hana, M.; Molmeret, Y.; Martinez, M.; Cointeaux, L.; El Kissi, N.; 
Teles, J.; Leprêtre, J. C.; Judeinstein, P.; Sanchez, J. Y., Ionic liquids and their 
hosting by polymers for HTPEMFC membranes. Fuel Cells 2010, 10 (5), 778-789. 
64. Thomson, J.; Dunn, P.; Holmes, L.; Belieres, J.-P.; Angell, C. A.; Gervasio, D., 
A Flourinated ionic liquid as a high-performance fuel cell electrolyte. ECS 
Transactions 2008, 13 (28), 21-29. 
65. Di Noto, V.; Negro, E.; Sanchez, J.-Y.; Iojoiu, C., Structure-relaxation 
interplay of a new nanostructured membrane based on tetraethylammonium 
trifluoromethanesulfonate ionic liquid and neutralized nafion 117 for high-
temperature fuel cells. Journal of the American Chemical Society 2010, 132 (7), 
2183-2195. 
66. Lee, S.-Y.; Ogawa, A.; Kanno, M.; Nakamoto, H.; Yasuda, T.; Watanabe, M., 
Nonhumidified intermediate temperature fuel cells using protic ionic liquids. 
Journal of the American Chemical Society 2010, 132 (28), 9764-9773. 
 45 
67. Deligöz, H.; Yılmazoğlu, M., Development of a new highly conductive and 
thermomechanically stable complex membrane based on sulfonated 
polyimide/ionic liquid for high temperature anhydrous fuel cells. Journal of Power 
Sources 2011, 196 (7), 3496-3502. 
68. Singh, M.; Suraj, S.; Missan, H. P. S., Novel ternary system based proton 
conducting polymer electrolytes based on fluorinated copolymer. ECS 
Transactions 2009, 19 (30), 71-87. 
69. Ye, H.; Huang, J.; Xu, J.; Kodiweera, N.; Jayakody, J.; Greenbaum, S., New 
membranes based on ionic liquids for PEM fuel cells at elevated temperatures. 
Journal of Power Sources 2008, 178 (2), 651-660. 
70. Tang, Q.; Li, Y.; Tang, Z.; Wu, J.; Lin, J.; Huang, M., Anhydrous proton 
exchange membrane operated at 200° C and a well-aligned anode catalyst. 
Journal of Materials Chemistry 2011, 21 (40), 16010-16017. 
71. Lee, S.-Y.; Yasuda, T.; Watanabe, M., Fabrication of protic ionic 
liquid/sulfonated polyimide composite membranes for non-humidified fuel cells. 
Journal of Power Sources 2010, 195 (18), 5909-5914. 
72. Howlett, P. C.; Sunarso, J.; Shekibi, Y.; Wasser, E.; Jin, L.; MacFarlane, D. R.; 
Forsyth, M., On the use of organic ionic plastic crystals in all solid-state lithium 
metal batteries. Solid State Ionics 2011, 204, 73-79. 
73. Sunarso, J.; Shekibi, Y.; Efthimiadis, J.; Jin, L.; Pringle, J. M.; Hollenkamp, A. 
F.; MacFarlane, D. R.; Forsyth, M.; Howlett, P. C., Optimising organic ionic plastic 
crystal electrolyte for all solid-state and higher than ambient temperature lithium 
batteries. Journal of Solid State Electrochemistry 2012, 16 (5), 1841-1848. 
 46 
74. Shekibi, Y.; Rüther, T.; Huang, J.; Hollenkamp, A. F., Realisation of an all 
solid state lithium battery using solid high temperature plastic crystal electrolytes 
exhibiting liquid like conductivity. Physical Chemistry Chemical Physics 2012, 14 
(13), 4597-4604. 
75. Efthimiadis, J.; Annat, G. J.; Efthimiadis, J.; Forsyth, M.; MacFarlane, D. R., 
Solid state ion transport and phase behaviour in composites of N, N-methyl 
propylpyrrolidinium tetrafluoroborate and amorphous polyethylene oxide. 
Physical Chemistry Chemical Physics 2003, 5 (24), 5558-5564. 
76. Howlett, P. C.; Ponzio, F.; Fang, J.; Lin, T.; Jin, L.; Iranipour, N.; Efthimiadis, 
J., Thin and flexible solid-state organic ionic plastic crystal–polymer nanofibre 
composite electrolytes for device applications. Physical Chemistry Chemical 
Physics 2013, 15 (33), 13784-13789. 
77. Wang, X.; Zhu, H.; Greene, G. W.; Li, J.; Iranipour, N.; Garnier, C.; Fang, J.; 
Armand, M.; Forsyth, M.; Pringle, J. M.; Howlett, P. C., Enhancement of ion 
dynamics in organic ionic plastic crystal/PVDF composite electrolytes prepared by 
co-electrospinning. Journal of Materials Chemistry A 2016, 4 (25), 9873-9880. 
78. Iranipour, N.; Gunzelmann, D.; Seeber, A.; Vongsvivut, J.; Doherty, C.; 
Ponzio, F.; O'Dell, L. A.; Hollenkamp, A. F.; Forsyth, M.; Howlett, P. C., Ionic 
transport through a composite structure of N-ethyl-N-methylpyrrolidinium 
tetrafluoroborate organic ionic plastic crystals reinforced with polymer nanofibres. 
Journal of Materials Chemistry A 2015, 3 (11), 6038-6052. 
79. Zhou, Y.; Wang, X.; Zhu, H.; Armand, M.; Forsyth, M.; Greene, G. W.; 
Pringle, J. M.; Howlett, P. C., N-ethyl-N-methylpyrrolidinium bis (fluorosulfonyl) 
imide-electrospun polyvinylidene fluoride composite electrolytes: 
 47 
characterization and lithium cell studies. Physical Chemistry Chemical Physics 
2017, 19 (3), 2225-2234. 
80. Díaz, M.; Ortiz, A.; Pringle, J. M.; Wang, X.; Vijayaraghavan, R.; MacFarlane, 
D. R.; Forsyth, M.; Ortiz, I., Protic plastic crystal/PVDF composite membranes for 
Proton Exchange Membrane Fuel Cells under non-humidified conditions. 
Electrochimica Acta 2017, 247, 970-976. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 48 
  
 49 
Chapter 3 Materials and Methods 
3.1 Materials and Fabrication 
3.1.1 Protic organic ionic plastic crystal synthesis procedure 
All the samples were made by the proton transfer reaction between acid and base. 
The mono-protonated cationic materials, ([DMEDAH][Tf], [DMEDAH][TFSI], 
[DBAH][TFSI]) were made by a proton transfer reaction between equimolar ratios 
of the corresponding acids and bases. Typically, the synthesis involves dropwise 
addition of aqueous solution of acid to the base in an ice bath and the contents 
were stirred for about 2 hours at room temperature. Then water was removed by 
distillation and the final solid product was dried under vacuum at 70 °C for two 
days; a typical yield was 98 %. The di-protonated cation materials, 
([DMEDAH2][Tf]2, [DMEDAH2][TFSI]2, [DMEDAH2][TFSI][Tf]), were made by the 
proton transfer reaction between 2 moles of acid to 1 mole of N,N-
dimethylethylenediamine. 
The acid doped samples were prepared by dissolving the required amount of acid 
in the neat samples, and homogenized by adding water, followed by removing the 
water through rotary evaporation and further vacuum drying. The materials were 
kindly prepared by Dr. Vijayaraghavan Ranganathan at Monash University.  
All the materials were placed and handled in the glove box to ensure samples stay 
dry and avoid contamination. The neat materials are white powders, which could 
be easily pressed into rigid solid pellets. The doped samples look crystals but can 
still be deformed into a pellet under pressure. Protic OIPCs that have been studied 
in the thesis are summarized in Table 3.1. 
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Table 3. 1 The chemical structures of protic OIPCs under investigation. 
Systems  Name of protic OIPCs Chemical structure of protic OIPCs 
Triflate based 
protic OIPCs 
1-(N,N-Dimethylamino)-2-
(ammonium)ethane triflate  
([DMEDAH][Tf]) 
 
1-(N,N-Dimethylammonium)-2-
(ammonium)ethane triflate 
([DMEDAH2][Tf]2)    
 
TFSI based 
protic OIPCs 
1-(N,N-Dimethylamino)-2-
(ammonium)ethane 
bis(trifluoromethanesulfonyl)imide   
([DMEDAH][TFSI]) 
 
 
1-(N,N-Dimethylammonium)-2-
(ammonium)ethane 
bis(trifluoromethanesulfonyl)imide  
([DMEDAH2] [TFSI]2)  
Dibenzylammonium  
bis(trifluoromethanesulfonyl)imide   
 ([DBAH][TFSI]) 
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3.1.2 OIPC/Polymer composite electrolyte preparation procedure  
The PVDF nanofibers were prepared by electrospinning. Typically, the PVDF 
powders were dissolved in a homogeneous mixture of N,N-Dimethylformamide 
(DMF)/acetone solvent (1:1 by weight). Then the solution was transferred into a 
plastic syringe (10 ml) with a needle (Terumo, 20G). The applied voltage was kept 
at 15 kV and the flow rate was 0.5 ml h-1. The horizontal distance between the tip 
of the needle and the rotating drum collector was 15 cm. The resultant 
electrospun mats were collected and dried under vacuum for two days at 55   ̊C 
before use.  
The sulfonated poly(ether ether ketone) (SPEEK) was synthesized according to the 
previous report1. Particularly, 10 g poly(ether ether ketone) (Victrex PEEK 450PF) 
was dried in a vacuum oven at 120  ̊C for 12 hours to remove the moisture. The 
dried PEEK was mixed thoroughly with 190 ml of 98% concentrated sulfuric acid 
under mechanical stirring at room temperature. Then the solution was heated up 
to 45  ̊C for the sulfonation reaction. After 2 hours of reaction, the sulfonated 
solution was then quenched in iced DI water to recover the SPEEK. To remove the 
residual sulfuric acid, water washing was applied (pH of the washing water is 
Mixed anion 
based protic 
OIPC 
1-(N,N-Dimethylammonium)-2-
(ammonium)ethane TFSI-triflate  
([DMEDAH2][TFSI][Tf]) 
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higher than 5). The final product of the SPEEK was dried in a vacuum oven at 50  ̊C 
overnight for future use. 
The SPEEK polymer was prepared following the procedures described previously2. 
The reaction is operating at 45  ̊C for 2 hours, thus the sulfonation level is 60 ± 5 % 
according to previous report.1 This sulfonation level is good for proton exchange 
membrane fuel cell applications.3 The electrospinning solution (30 wt%) was 
prepared by dissolving the SPEEK polymer in dimethylformamide (>99%, Sigma-
Aldrich) at 60  ̊C. The electrospinning voltage was selected as 20 kV. The flow rate 
of the solution was kept at 0.01 ml h−1 and the distance from the needle tip to the 
collecting drum (grounded) was fixed at 15 cm. The diameter of the resulting 
SPEEK fibers is around 0.08–0.1 µm as measured from the SEM images.  
The protic OIPC/polymer nanofiber composite membranes were prepared by 
solvent casting in the glove box under argon atmosphere according to a procedure 
in previous report.4 Specifically, protic OIPC was dissolved in dry acetonitrile to 
obtain the casting solution (the concentration was 30 mg OIPC in 100 µl of 
acetonitrile), then the solution was dropped on the pre-punched PVDF (or SPEEK) 
fiber mat. After acetonitrile evaporated, the samples were dried overnight under 
vacuum at room temperature. The weight percentage of PVDF/SPEEK is the 
weight of PVDF/SPEEK relative to the total weight of OIPC/PVDF (or SPEEK) 
composite membranes. 
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Figure 3. 1 Chemical structures of polyvinylidene difluoride (PVDF) (a) and 
sulfonated poly(ether ether ketone) (SPEEK) (b). 
 
For the preparation of [DMEDAH2][Tf]2/PVDF powder composite electrolytes, 
[DMEDAH2][Tf]2 was first dissolved in acetonitrile and stirred for 1 h at room 
temperature to obtain a clear solution. Next a certain amount of PVDF powder 
was added into the solution and the mixture was stirred for 2 h to obtain a slurry. 
The slurry was then poured onto a self-designed Teflon mould and evaporated at 
room temperature in the glove box overnight. After solvent evaporation, the 
obtained white powder was carefully ground and dried under vacuum at 50 °C for 
a day before use. 
 
3.1.3 Gel polymer electrolytes preparation procedure  
N,N-Diethylmethylammonium triflate ([DEMA][Tf]) was synthesized by the proton 
transfer reaction between triflic acid and N,N-diethylmethylamine5. Typically, the 
synthesis involved dropwise addition of aqueous solution of triflic acid (42.2 
mmoles, 6.32g) to N,N-diethylmethylamine (42.2 mmoles, 3.67g) in an ice bath, 
and stirring the contents for about 30 min at room temperature. Then water was 
removed by distillation at 65 °C under reduced pressure and the final product was 
dried under vacuum at room temperature overnight to remove traces of moisture. 
The yield of clear liquid was then found to be 98 %. 
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Poly(diallyldimethylammonium) bis(trifluoromethanesulfonyl)imide, PDADMA 
TFSI, was made by anion metathesis of poly(diallyldimethylammonium) chloride 
(Sigma- Aldrich, 20 wt%, Mw 1⁄4 400 000–500 000) (PDADMC) and lithium 
bis(trifluoromethanesulfonyl)imide (LiTFSI), according to a previous work.6 
PDADMAC (50 g, 62 mmol) and LiTFSI (21 g, 74 mmol) was dissolved in DI water 
(150 ml and 100 ml respectively) separately, and each solution was stirred for 10 
min. Next, the two solutions were mixed and stirred for 4 hours for complete ion 
exchange. The white solid sediment was washed and filtered until the filtrate did 
not contain chloride (as determined by absence of white AgCl  when silver nitrate 
was added).7 Finally, the product was fully dried at 50 °C under vacuum for a day, 
and the yield of white solid PDADMA TFSI was found to be 85%. 
The gel polymer electrolytes (GPEs) were prepared by solvent casting. PDADMA 
TFSI and protic IL [DEMA][Tf] were dissolved in acetonitrile by stirring for 2 hours 
until all the solid materials fully dissolved, then the solvent was poured onto a self-
designed Teflon mould and evaporated at room temperature in the glove box 
overnight. The mould with cast film was then fully dried at 50 °C in a vacuum oven 
for 2 days. 
 
3.2 Methods 
3.2.1 Scanning electron microscopy (SEM)  
Scanning electron microscopy provides information about the surface of the 
material via the interactions between a beam of electrons and the surface atoms 
of the material. There are different signals produced from the interaction, 
including secondary electrons, back-scattered electrons, X-rays, transmitted 
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electrons, etc., where secondary electrons are the most common signals in SEM 
mode. In this study, the morphologies of electrospun membranes and composite 
membranes were characterized using a JCM-5000, NeoScope, JEOL Benchtop SEM. 
The accelerating voltage was set at 10 kV and SEM images were collected using 
JCM-5000 software. 
 
3.2.2 Differential scanning calorimetry (DSC) 
Differential scanning calorimetry (DSC) is widely used to analyze the thermal 
behavior of materials. It records thermal energy flow as a function of temperature 
and time, and also gives qualitative and quantitative information about physical 
or chemical transformations that involve endothermic or exothermic processes. 
In this work DSC is performed on a Mettler Toledo DSC1 with a temperature range 
of -100   ̊C to 200   ̊C and scan rate of 10   ̊C/min. A pair of aluminium pans was 
placed in a chamber: one of them was an empty reference, while the other pan 
contained 3-8 mg sample. All samples were prepared and sealed in the glove box 
under Argon atmosphere. Three temperature scans were run, the first scan was 
often different to the other two due to the thermal history. 
 
3.2.3 Synchrotron X-ray diffraction (SXRD) 
X-ray powder diffraction is a useful technique to determine crystalline structure 
of materials. After the X-rays interact with atoms in the materials, the X-rays 
diffract to different angles. The study of the diffraction angles and intensities gives 
information on the three-dimensional ordering of the atomic layers within the 
crystal, according to Bragg's law. Synchrotron light, which is created by 
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accelerating electrons to almost the speed of light, is the most ideal source of X-
rays because of its high intensity and brightness, high collimation, high 
polarization, low emittance, and flexibility in tuning the x-ray wavelength. 
In this study, variable temperature XRD experiments for pure POIPC and 
POIPC/PVDF composite were performed at the Australian Synchrotron powder 
diffraction beam line. All the spectra were recorded at ambient temperature. 
Samples were prepared and sealed into 0.3 mm low X-ray adsorption borosilicate 
glass capillaries (Charles Supper Company) in a glove box filled with argon. The 
radiation wavelength was refined by using the standard reference LaB6 
Lab6_660b-diam and set at 0.688475(2) Å. The temperature ramp rate was 6  ̊C 
min-1 and acquisition time was 120 s. The acquired data from each detector were 
merged together and normalized. To calculate the number of ion pairs, the 
volume of each unit cell was fitted with GSAS-II8 software. The density of each 
plastic crystal was also measured. Then the number of ion pairs was estimated 
from the volume, density and molecular weight of the plastic crystal. 
 
3.2.4 Electrochemical impedance spectroscopy (EIS) and Arrhenius activation 
energy 
Ionic conductivity is measured by electrochemical impedance spectroscopy. A 
sinusoidal AC potential with specific amplitude and frequency was applied and the 
current response was measured. Nyquist plots (Figure 3.2) were used to present 
the variation of the imaginary part of the impedance versus the real part. In these 
plots, the interfacial and bulk resistances of the electrochemical cell generally 
appear as semicircles, as shown in Figure 3.2. The first touchdown point 
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corresponds to the bulk resistance of the material. The conductivity of the bulk 
material in the barrel cell (shown below) can be calculated using the following 
equation: 
9 = ;<= 
In this equation, 9 (S/cm) is the conductivity of the solid-state electrolyte, t (cm) 
is the thickness of the electrolyte, A (>?0 ) is the cross-sectional area of the 
electrodes covered by the material, R (Ω ) is the bulk resistance of the solid 
electrolyte. 
The conductivity of electrolyte in the dip cell is calculated by: 
A = 1= B< = C∗ × 1= 
In which R (Ω) is the resistance of the electrolyte measured from the Nyquist plot, A (S/cm) is the conductivity of the electrolyte, the quantity l/A is called the cell 
constant, denoted by  C∗. It is determined by measuring the resistance of a cell 
containing standard solution (KCl). 
 
 
Figure 3. 2 Nyquist plot of EIS measurement.9  
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In this study, a barrel cell was used for solid-state impedance measurements. All 
the samples were dried under vacuum on a Schlenk line below their melting points. 
A pair of platinum electrodes was used to avoid etching and oxidation from the 
acid-containing materials. Pellets were prepared by pressing the samples in a 
sealed KBr die under 1 ton pressure. For soft samples which can be pressed out or 
extensively deformed when using the barrel cell, a dip cell was used to measure 
ionic conductivity. The dip cell consists of two platinum electrodes covered by 
glass and dipped into the sample in its liquid state. Preparation of samples in the 
dip cell was performed in the glove box and the impedance measurement was 
started after sealing the dip cell under argon atmosphere. Before measuring 
conductivity of the electrolyte, the cell constant (C∗) was calculated by calibrating 
the cell with 0.01 M KCl solution at 25  ̊C. 
A Bio-logic SP-200 potentiostat driven by Solartron Modulab MTS System or a 
Biologic MTZ -35 driven by MT-lab software were used for the EIS measurements. 
An amplitude of 0.1 V and frequency range of 1 MHz – 1 Hz was applied over a 
temperature range of 25 °C to 100 °C. All the samples were held at the target 
temperature for 30 min before measurements.  
 
The Arrhenius plot can be composed from EIS data as a function of temperature, 
which can help determine whether the conduction mechanism obeys Arrhenius-
temperature dependence or not. 
The activation energy for each sample is calculated using the Arrhenius equation:   
9 = 9Eexp	(− KL=M) 
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where 9 is the ionic conductivity in S cm-1,  9E the pre-exponential factor in S cm-
1, R the gas constant in J mol-1 K-1, T temperature in K and Ea the activation energy 
in J mol-1. 
 
3.2.5 Nuclear magnetic resonance (NMR) spectroscopy 
Nuclear magnetic resonance (NMR) is a characterisation technique which 
provides information on the local structure and dynamics. Coordination numbers, 
ionic diffusion and ion dynamics can be analysed by probing specific nuclei. NMR 
is particularly useful for this project as it allows the electrochemical properties 
such as conductivity of proton conducting materials to be explained in terms of 
the microscopic molecular properties such as the proton mobility. 
Most atomic nuclei possess spin and I is used to denote the nuclear spin quantum 
number. Nuclei with spin I=1/2 are spin-half nuclei, while those with I>1/2 are 
quadrupolar nuclei. When nuclear dipoles are exposed to an applied magnetic 
field, nuclei with spin I will possess (2I+1) energy levels. Non-zero spin nuclei with 
magnetic moment P  interact with a magnetic field B0 , and the energy of the 
interaction is given by: K = −P ∙ RE 
The magnetic energy depends on the relative orientation of the vectors B and P, 
and is lowest when they are parallel and highest when they are antiparallel. When 
an external magnetic field is applied, nuclei tend to align along the field to reach 
the lowest energy. 
The direction of the spin angular momentum is defined as the spin polarization 
axis, and the motion of the spin magnetic moment moving around the field is 
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known as precession. The frequency of precession is called the Larmor frequency, 
given by: SE = −TRE 
Where RE is the magnetic field and T is the gyromagnetic ratio. When a magnetic 
field is applied, spins start executing Larmor precession around the field, then 
turning to an orientation with lowest magnetic energy, eventually reaching a 
stable state defined as “thermal equilibrium”. The re-built thermal equilibrium 
process is called spin-lattice relaxation and T1 is known as the spin-lattice or 
longitudinal relaxation time. 
 
 
Figure 3. 3 Spin precession. 10  
 
When a radiofrequency (RF) pulse is applied to rotate the nuclear magnetization 
M away from RE, the precession of M induces a NMR signal (also known as free-
induction decay) into a wire coil near the sample (Figure 3.4). A Fourier transform 
is used to convert time domain data to frequency domain. 
B 
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Figure 3. 4 The induction of an NMR signal. 10  
 
In saturation recovery experiments, the magnetization is saturated by a train of 
preparation RF pulses; in the following recovery period, spins experience 
longitudinal relaxation and net magnetization M gradually grows along the B0 
direction. The build-up curve is usually exponential as can be seen in Figure 3.5 
The longitudinal relaxation time T1 can be measured by the following equation as 
a function of recovery time: 
UV(;) = 	UV,XY(1 − Z#[\] ) 
where Mz,eq is the net magnetization vector and the direction of the field is defined 
to be the z-axis. 
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Figure 3. 5 Diagram showing how the magnetisation M returns to thermal 
equilibrium after excitation. 11  
 
In the process of magnetization returning to z-axis, the magnetization Mxy 
perpendicular to B0 will decay to zero. This process is known as transverse 
relaxation and T2 is the transverse relaxation time that can be measured by the 
equation as follows: U^_(;) = U^_(0)Z#[/\a  
where 	U^_(0) is the initial xy magnetization at time zero. T2 is the dominant 
contribution to the spectral line width. Generally, a shorter T2 means a broader 
line, while a longer T2 gives a narrower line. Thus, the line broadening due to 
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chemical change provides an important tool to measure the rate of molecular 
processes in this project. 
Neighboring nuclei can couple together via the dipole-dipole interaction. Because 
each spin has its own magnetic field, two nearby nuclear spins will be influenced 
by the fields generated by each other, leading to broadening of the NMR peaks in 
the solid state, especially in 1H spectrum of polymer samples where proton 
density is high.  
 
3.2.5.1 Solid-state NMR spectroscopy 
The solid-state experiments in this project were performed on a Bruker Avance III 
300 MHz wide bore NMR spectrometer with Larmor frequencies of 300.13 MHz 
for 1H and 75.46MHz for 13C. All 1H and 13C chemical shifts were referenced 
relative to tetramethylsilane (TMS). A 4 mm double resonance Magic Angle 
Spinning (MAS) probe head was used to record the spectra from stationary 
powder samples. For all experiments, the 90° pulse lengths were 2.0 μs, and the 
recycle delays were 10s to allow the system to recover to equilibrium. The sample 
temperatures for the variable temperature experiments were calibrated with lead 
nitrate. 
 
3.2.5.2 Magic angle spinning NMR (MAS NMR)  
Magic angle spinning (MAS) is widely used in solid-state NMR experiments to 
average out the interactions that lead to the broadening of the NMR peaks. In 
MAS experiments, the solid sample is rotated around an axis at the ‘magic angle’ 
(54.7°) with respect to the field RE, leading to spectra with improved resolution 
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and half-spin spectra with peaks at the isotropic chemical shifts. Cross polarization 
(CP) is usually used in solid-state NMR together with MAS, which is referred to as 
CPMAS. This method transfers the energy of an abundant nucleus, such as 1H, to 
the observed nucleus with lower natural abundance, resulting in a stronger signal 
from the observed nucleus (compared with the signal obtained through direct 
excitation), thus reducing experiment time. 
 
3.2.5.3 Pulse-field gradient diffusion measurements 
NMR is a powerful tool to study the self-diffusion in both liquid and solid materials. 
NMR diffusion tests are performed by pulsed-field-gradient spin echo (PFG-SE) or 
stimulated echo methods (PFG-STE) and the latter is mainly employed for solid 
samples. These methods were developed by Stejskal and Tanner.12 In this study, 
all the diffusion measurements used the PFG-STE method. As briefly explained 
before, the first 90° RF pulse is applied to rotate the net magnetization to the 
transverse plane. Shortly after, a field gradient pulse is imposed to encode the 
positions of the nuclei. Then, the second 90° RF pulse is applied to flip the net 
magnetization to the longitudinal axis, preventing spin-spin relaxation from 
happening during the majority of the diffusion time. Finally, the third 90° RF pulse 
and second field gradient pulse were applied to tip the net magnetization back to 
the transverse plane and then reverse the spatial encoding, resulting in an echo 
signal.  
The 1H and 19F diffusion coefficients were measured on a Bruker Avance III 
300MHz wide bore NMR spectrometer with a 5mm diff50 pulse-field gradient 
probe. The samples were sealed in a 4mm solid-state NMR rotor and then put in 
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a standard 5 mm glass tube for measurement. The 1H and 19F NMR signals were 
used for the determination of the diffusion coefficients of the cation and anion 
species respectively. 
 
3.2.7 Fourier transform infrared spectroscopy (FTIR)  
FTIR spectroscopy is a useful tool to obtain information about functional groups 
in materials. This technique is mostly used to study organic compounds but can 
also be helpful for inorganic compounds. Covalently bound atoms vibrate with 
specific frequencies and the energy of the vibration lies in the range of infrared 
light from 400 to 4000 cm-1. Certain functional group fragments have specific 
vibration frequencies, thus absorbing infrared light of specific energy. 
In this study, gel polymer electrolytes were investigated by FTIR (PerkinElmer), 
using a single diamond Attenuated Total Reflection (ATR) unit. The molecular 
interactions between PDADMA TFSI and protic IL [DEMA][Tf] can be investigated 
from the results. Spectra were collected from 4000 cm-1 to 600 cm-1 using the 
SpectrumTM software suite. To prevent influence from water, the test was 
performed in a nitrogen-filled glovebox and the H2O level was kept below 100 ppm 
during data acquisition. 
 
3.3.8 Cyclic voltammetry (CV) 
CV is a useful technique to analyse the electrochemical properties (e.g. redox 
behaviour) of an ion in the electrolyte. When the electrode potential is swept, the 
current caused by electrochemical reactions at the electrode surface is measured. 
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In order to further investigate the proton activity, CV experiments were carried 
out on circular membrane GPE (10 mm diameter), containing 60 wt% [DEMA][Tf], 
placed between two platinum disks and sealed inside a coin cell. The experiment 
was carried out at a scanning rate of 10 mV s-1 on a Multi Potentiostat VMP3 (Bio-
Logic). Samples were tested at room temperature first, then ramped to 110 °C and 
120 °C; 60 min equilibration time was allowed before starting the test. The data 
were analyzed with EC-Lab software (Z Fit v. 10.44). 
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Part II 
Protic organic ionic plastic crystals 
based on a di-functional cation and the 
influence of anion chemistry on the 
ionic conductivity and molecular 
dynamics 
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Chapter 4 Novel Protic organic ionic plastic crystals based on 
a di-functional cation and the triflate anion  
4.1 Introduction and Declaration  
Organic ionic plastic crystals (OIPCs) have emerged as novel solid-state ionic 
conductors, with unique plastic phases that ensure good mechanical flexibility and 
improved contact between electrodes and electrolyte.  
In the chapter, the synthesis and characterisation of two new protic organic ionic 
plastic crystalline materials based on a di-functional cation were reported. It is 
shown that the di-protonated sample, [DMEDAH2][Tf]2 exhibits a 24-fold 
enhancement in conductivity as compared to the mono-protonated sample 
[DMEDAH][Tf], reaching 10#$.& S/cm at room temperature, which is the highest 
solid-state proton conductivity in literature reported so far. PFG-NMR results 
show a strongly coupled translational motion between the cations and anions in 
the di-protonated sample, which is not observed in the mono-protonated sample. 
This is understood in terms of stronger hydrogen bonding between the ions in the 
di-protonated compound. Thus, this new family of di-functional ammonium-
based plastic crystals developed in this study exhibits an exciting solid-state 
proton conductivity, which makes them promising candidates as solid-state 
proton conductors for fuel cells, redox flow batteries, and many other 
electrochemical devices. 
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Protic organic ionic plastic crystals based
on a difunctional cation and the triflate anion:
a new solid-state proton conductor†
Jun Rao,a R. Vijayaraghavan,b Fangfang Chen,a Haijin Zhu,*a Patrick C. Howlett,a
Douglas R. MacFarlaneb and Maria Forsyth*a
Two protic organic ionic plastic crystalline materials based on the
mono- and di-protonated cations of N,N-dimethylethylenediamine,
(DMEDA) and the triflate anion have been studied. The symmetrical
di-protonated cation salt shows 54 8C higher melting point and
24-fold higher conductivity at room temperature as compared to
the mono-protonated cation salt, making it a promising candidate
for a solid-state proton conductor. The conductivity of this salt was
further enhanced by acid doping.
Proton conducting membranes are widely used in a variety of
electrochemical applications such as fuel cells and redox flow
batteries.1–3 A perfluorosulfonic polymer, such as Nafion, is the
most widely used proton conductor for these applications due
to its high proton conductivity, excellent chemical stability and
good mechanical properties.4 However, the operating condi-
tions of Nafion membranes are limited to o100 1C due to the
presence of water being an essential condition for its high
proton conductivity.4 Thus, alternative solid-state anhydrous
proton conductors are being sought for elevated temperature
applications. Consequently, several studies have explored the
use of ionic liquids as proton conducting electrolytes to avoid
volatility, as well as obtain excellent conductivity without
humidification.5–7 These ionic liquids can be incorporated into
a polymer matrix to ensure mechanical strength, but this can
lead to long-term instability due to phase separation between
the IL and the polymer.1
Organic ionic plastic crystals (OIPCs) have emerged as novel
solid-state ionic conductors, with unique plastic phases that provide
goodmechanical flexibility and improved contact between electrodes
and electrolyte.8–11 In addition, intrinsic ionic conductivity,
non-flammability, good thermal stability and wide electrochemical
windows are all desirable properties offered by OIPCs, just
as with their ionic liquid analogues.12,13 The development of
protic organic salts as proton conductors has made important
progress in recent years. Many new protic ionic liquids (PILs)
and their polymer composites have been developed.4 Similarly,
OIPCs have recently been recognized as the basis for solid-state
proton conductors that can exhibit excellent proton conducti-
vity after acid doping. Rana et al. developed a new aprotic OIPC,
[choline][triflate], which can achieve good solid-phase proton
conduction after triflic acid doping,14 and good thermal stabi-
lity up to 200 1C. In the temperature range of interest above
100 1C, the conductivity of acid doped [choline][triflate] can
reach 2 ! 10"3 S cm"1 at 120 1C and NMR studies suggest that
the proton diffusion rate is twice that of the anion.14 Similarly,
Zhu et al. have investigated the guanidinium triflate system, in
which several orders of magnitude improvement in the proton
conductivity can be achieved after triflic acid (HTf) doping into
the GTf matrix.15
In the current study, we investigate the properties and the
molecular dynamics of two new protic OIPCs, [DMEDAH][Tf]
and [DMEDAH2][Tf]2 (Fig. 1(a and b)), based on the same parent
Fig. 1 Structural formulas of [DMEDAH][Tf] (a) and [DMEDAH2][Tf]2 (b); DSC
traces (c) and ionic conductivity (d) of neat [DMEDAH][Tf] and [DMEDAH2][Tf]2.
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NMR, DFT calculation. See DOI: 10.1039/c6cc07154f
Received 1st September 2016,
Accepted 31st October 2016
DOI: 10.1039/c6cc07154f
www.rsc.org/chemcomm
ChemComm
COMMUNICATION
Pu
bli
sh
ed
 on
 31
 O
cto
be
r 2
01
6. 
Do
wn
loa
de
d b
y D
ea
kin
 U
niv
ers
ity
 on
 01
/03
/20
17
 00
:38
:34
. 
View Article Online
View Journal  | View Issue
 76 
 
14098 | Chem. Commun., 2016, 52, 14097--14100 This journal is©The Royal Society of Chemistry 2016
difunctional amine, that are suﬃciently conductive for solid-
state proton conductor applications in the sub 100 1C region.
Upon acid doping, the conductivity of [DMEDAH2][Tf]2 reaches
10!3.5 S cm!1 at 50 1C.
Both samples were synthesized via the neutralization reac-
tion of N,N-dimethylethylenediamine and triflic acid at the
corresponding stoichiometric ratios. Detailed synthetic pro-
cedures are described in the ESI.† The Diﬀerential Scanning
Calorimetric (DSC) traces (Fig. 1(c)) of the neat [DMEDAH][Tf]
and [DMEDAH2][Tf]2 show that these materials pass through
one or two solid–solid phase transitions (a common property of
plastic crystals) prior to melting, which suggests that the crystal
structure of samples changes with increasing temperature.
Although the chemical structures of both samples are quite
similar, their thermal properties are completely different. For
[DEMDAH][Tf], a solid–solid transition at 54 1C is observed
which is close to the melting peak temperature of 67 1C. For
[DMEDAH2][Tf]2, two solid–solid transitions are observed, with
the first transition at !53 1C, and the second transition at
103 1C, which is close to its melting point of 121 1C. Interest-
ingly, while both the solid–solid transitions exhibit a sharp DSC
feature, the melting peak of the [DMEDAH2][Tf]2 is rather broad.
This behaviour has been observed in similar OIPC systems,16–18
and confirmed by solid-state NMR lineshape analysis and in situ
NMR imaging techniques. This broad melting behaviour, inherent
in many of the OIPCs, indicates partial liquefaction over a large
temperature range, thereby leading to a substantial increase in
conductivity while maintaining the mechanical properties and
flexibility of the solid. In addition to the endothermic peaks,
a broad exothermic (cold recrystallization) peak (B30 1C) due
to supercooling is observed in the heating trace. The melting
point of [DMEDAH2][Tf]2 is approximately 50 1C higher than
that of [DMEDAH][Tf], which may be due to the stronger
interactions between the doubly charged cation and the anions.
In the ESI,† the experimental together with simulated 13C CPMAS
NMR shifts suggest that the cation structure is more symmetric in
[DMEDAH2][Tf]2, which can explain the higher melting point of
[DMEDAH2][Tf]2 according to the literature.
19
The conductivity results in Fig. 1(d) show that [DMEDAH2][Tf]2
has more than one order of magnitude higher ionic conductivity
than [DMEDAH][Tf] in the temperature range from 25 1C to 50 1C.
In particular, at 25 1C, the ionic conductivity of [DMEDAH2][Tf]2
shows a 24-fold increase compared to [DMEDAH][Tf] (10!6.1 S cm!1),
reaching 10!4.6 S cm!1. This is an extremely high solid-state
proton conductivity (without presence of a liquid phase); the
highest to date to the best of our knowledge. One explanation
for the higher conductivity of [DMEDAH2][Tf]2 is that the
second proton attached to the cation is more dissociable
compared to the first proton, thus it can more easily transport.
This is evidenced in general in the aqueous pKa values for this
type of diamino molecule, where the pKa1 and pKa2 values are
typically 2–3 units apart.20
Solid-state NMR provides us with a versatile tool to study the
structure and dynamics of materials at the molecular level.21–23
In the present samples, 1H and 19F nuclei only exist in the
cation and anion, respectively, thus the NMR spectra allow us
to probe the local dynamics of the individual ion species. The
static 1H and 19F NMR spectra of both samples exhibit a typical
feature of a narrow line superimposing on a broad line (see
Fig. S3, ESI†). Based on this model, the spectra thus can be
roughly deconvoluted into two components, where the narrow
line represents the mobile component and the broad line
represents the immobile component.24,25 Fig. 2 compares the
area fractions of the narrow component of the 1H and 19F NMR
spectra peaks for the pure [DMEDAH][Tf] and [DMEDAH2][Tf]2
measured at different temperatures. Below 40 1C, the fraction
of narrow peaks in [DMEDAH2][Tf]2 is higher than that of
[DMEDAH][Tf], which can explain the higher ionic conductivity
of the former. When the temperature approaches 60 1C, the
narrow peaks in the [DMEDAH][Tf] spectra increase sharply to
100%, suggesting a dramatic growth in the proportion of mobile
cations, corresponding to the solid–solid transition before the
melting point. A similar result has been observed for other plastic
crystal materials such as pyrrolidinium tetrafluoroborate,23 and
phosphonium hexafluorophosphate,16 where in plastic crystal
phase I (the highest temperature solid phase), fast isotropic
molecular motion sets in and both the cation and anion
(1H and 19F) NMR spectra exhibit an extremely narrowed line-
shape. The 19F narrow component fraction shows a similar trend
to that observed in the 1H spectra, suggesting coupled molecular
dynamics between the cations and anions.
The static solid-state 1H and 19F NMR results show the
existence of mobile species in both samples below their respec-
tive melting points, as suggested by the presence of extremely
narrow lines. To probe the translational motion and measure the
diﬀusion coeﬃcients of various species in the solids, pulse-field
gradient (PFG) NMR experiments were performed. Fig. 3 presents
diﬀusion data for both cation and anion in [DMEDAH][Tf] and
[DMEDAH2][Tf]2. At 40 1C and below, both the cation and anion
of [DMEDAH][Tf] show lower diﬀusion coeﬃcients, as com-
pared to [DMEDAH2][Tf]2, despite the higher melting point of
the latter compound. The lower diﬀusivity, in combination with
the smaller percentage of the diﬀusive species as suggested in
Fig. 2, explains the lower conductivity of [DMEDAH][Tf] at lower
temperatures. The diﬀusivities of the cation and anion are
similar in [DMEDAH2][Tf]2, while in the [DMEDAH][Tf] sample
the cation diﬀusivity is higher than that of the anion. This
suggests that the cation and anion species in [DMEDAH2][Tf]2
are more strongly correlated than in DMEDAH Tf, which can be
Fig. 2 The area fraction of narrow component of NMR peaks at diﬀerent
temperatures in neat [DMEDAH][Tf] and [DMEDAH2][Tf]2 for the cation (
1H)
and anion (19F) species.
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explained by the stronger hydrogen bonding in the former
compound. This is also supported by the DSC results which show
an approximately 50 1C increase in the melting point compared to
[DMEDAH][Tf].
From previous studies,15,26 some plastic crystals display
orders of magnitude higher conductivity after acid doping,
which provides a useful approach to improve the conductivity.
Thus, we have also investigated the feasibility of acid addition
in both protic organic salts studied here to further enhance the
proton conductivity. The DSC traces for the triflic acid doped
sample in Fig. 4(a) show only minor changes, compared to that
of the neat samples, Fig. 1(c). For [DEMDAH][Tf], after 5 mol%
and 10 mol% triflic acid doping, the solid–solid transition and
melting point are still 57 1C and 68 1C, respectively. An
exothermic peak can be identified at 25 1C in the heating scan
for both doped samples, which is a recrystallization process
related to supercooling of the samples. Two solid–solid transi-
tions at !54 1C and 101 1C are observed for 5 mol% HTf doped
[DMEDAH2][Tf]2 with recrystallization and melting peaks at
24 1C and 111 1C, respectively.
The conductivity data in Fig. 4(b) show that the doped
[DMEDAH][Tf] samples have similar conductivity; this can be
expected since the additional proton will primarily be trans-
ferred to the available amino group of the cation, thus the
number of mobile protons does not increase substantially. On
the other hand, upon addition of 5 mol% acid to [DMEDAH2][Tf]2,
the conductivity increased significantly, reaching 10!3.6 S cm!1 at
50 1C. This conductivity enhancement can be understood in terms
of the increased number of charge carriers (dissociable protons
from the doped acid) and the existing percolated conducting
pathways in the [DMEDAH2][Tf]2 system.
In summary, this communication describes the properties
of two protic organic salts [DMEDAH][Tf] and [DMEDAH2][Tf]2.
[DMEDAH2][Tf]2 has a symmetrical cation structure, and exhibits
the higher melting point of the two. Remarkably, despite the
significantly higher melting point, the [DMEDAH2][Tf]2 sample
exhibits 24-fold enhancement in conductivity as compared to the
[DMEDAH][Tf] sample. PFG-NMR results show that the cation and
anion in [DMEDAH2][Tf]2 exhibit a strongly coupled translational
motion. This coupled motion, however, is not observed in
the [DMEDAH][Tf] sample. Upon addition of 5 mol% acid to
[DMEDAH2][Tf]2, the conductivity increases significantly,
reaching 10!3.6 S cm!1 at 50 1C. This new family of difunctional
ammonium based plastic crystals developed in this work
exhibits an exciting solid-state conductivity and thus can be
promising candidates for a solid-state proton conductor in
fuel cells, redox flow batteries, and many other electrochemical
devices.
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Resonance Facility through LIEF grant LE110100141.
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Supporting Information
Experimental
1. Synthesis of Protic salts based on N,N-Dimethylethylenediamine cation1) 1-(N,N-Dimethylamino)-2-(ammonium)ethane triflate ([DMEDAH][Tf]) - Neat SampleThe compound was made by a proton transfer reaction between 1 mole of triflic acid and 1 mole of N,N-dimethylethylenediamine. Typically the synthesis involves a dropwise addition of aqueous solution of triflic acid (42 mmoles, 6.3g) to N,N-dimethylethylenediamine (42 mmoles, 3.7g) in an ice bath and the contents were stirred for about 2 hours at room temperature. Then water was removed by distillation and the final solid product was dried under vacuum at 70 0 C for two days and the yield was found to be 98 %. The pH of a 0.1 M aqueous solution of the product was found to be 8.0.
2) [DMEDAH][Tf] with 5mol% acid doped sampleThe 5 mol % triflic acid doped sample was made by weighing 2.26 g (95 mol%) of neat [DMEDAH][Tf] and added 0.075 g (5 mol%) of aqueous solution of triflic acid to it. The contents were stirred to get clear liquid and then distilled at 70 0 C to remove water under reduced pressure. The solid was dried under vacuum for two days at room temperature and the yield was found to be 98 %.. 3) [DMEDAH][Tf] with 10mol% acid doped sampleThe 10 mol% acid doped sample was made by mixing 2.14 g (90 mol%) of neat [DMEDAH][Tf]   with 0.15 g (10 mol%) of aqueous solution of triflic acid and the contents were stirred to get clear liquid. The liquid was then distilled at 70 0 C to remove water under reduced pressure. The solid was dried under vacuum for two days at room temperature and the yield was found to be 98 %. 4)1-(N,N-Dimethylammonium)-2-(ammonium)ethane-triflate ([DMEDAH2][Tf]2) – Neat Sample The title compound was made by the proton transfer reaction between 2 moles of triflic acid and 1 mole of N,N-dimethylethylenediamine. The synthesis involves a drop wise addition of aqueous solution of triflic acid (84 mmoles, 12.5g) to N,N-dimethylethylenediamine (42 mmoles, 3.7g) in an ice bath and the contents were stirred for about 2 hours at room temperature. Then water was removed by distillation and the final solid product was dried under vacuum at 70 0 C for two days and the yield was found to be 98 %. The pH of a 0.1 M aqueous solution of the product was found to be 2.1.5) [DMEDAH2][Tf]2 with 5mol% acid doped sample The 5 mol % triflic acid doped sample was made by stirring 2.27 g of N,N-Dimethylethane-1,2-diammonium triflate with 0.075 g of aqueous solution of triflic acid to get clear liquid. The contents were then distilled at 70 0  C to remove water under reduced pressure. The solid is dried under vacuum for two days at room temperature and the yield was found to be 98 %. 
Electronic Supplementary Material (ESI) for ChemComm.
This journal is © The Royal Society of Chemistry 2016
 80 
 
2. Differential scanning calorimetry (DSC)In this work DSC is performed on a Mettler Toledo DSC instrument. All samples were prepared and seal in the glove box under argon atmosphere. In order to obtain accurate data, a calibration using cyclohexane reference was carried out. A temperature range of -100 ̊C to 200 ̊C and scan rate of 10 ̊C/min was used to study the thermal behavior of the materials. Three temperature scans were run and the first scan was often different to the other two due to the thermal history thus the second scan was reported.
3. Electrochemical impedance spectroscopy (EIS)Ionic conductivity is measured by electrochemical impedance. All the samples were dried under vacuum on a schlenk line below their melting points. A pair of platinum electrodes was used. Pellets were prepared by pressing the samples in a sealed KBR die under 10 tons pressure. For the soft samples which can be pressed out or extensively deformed under compression, a dip cell was used to measure their ionic conductivity. The dip cell consists of two platinum electrodes covered by glass and dipped into the sample in liquid state. Preparation of samples in the dip cell was performed in the glove box and the impedance measurement was started after sealing the dip cell under argon atmosphere. A Bio-logic SP-200 potentiostat driven by Solartron Modulab MTS System was used for the barrel cell EIS measurements. A tubular Helios furnace (28V, 32W) with a flexible ceramic heater was used to control the temperature. The heaters were controlled by a Eurotherm 2204e or 3501e temperature controller interfaced to the potentiostats, allowing impedance spectra to be acquired automatically throughout a programmed isothermal temperature profile. An amplitude of 0.1V and frequency range of 1 MHz – 1 Hz was applied over a temperature range of 25°C~70 °C.For dip cell measurements, Biologic MTZ‐35 Analyser was used to obtain the conductivity. The dip cell was placed in a brass block connected to a Eurotherm 2204 temperature controller. Liquid nitrogen or dry ice pellets were used to decrease temperature below the room temperature. Data was collected over a frequency range from 10 MHZ to 100 mHZ with a voltage amplitude of 0.1 V and over a temperature range of -25°C to 50°C at 5°C intervals.All the samples were held at the target temperature for an equilibration time of 30min before impedance measurements.
4. Solid-static NMRThe solid-state experiments in this project were performed on a Bruker Avance III 300 MHz wide bore NMR spectrometer with Larmor frequency of 300.13 MHz, 75.46MHz for 1H and 13C respectively. All 1H and 13C chemical shifts were referenced relative to tetramethylsilane (TMS). A 4 mm double resonance Magic Angle Spinning (MAS) probe head was used to record the spectra from stationary 
 81 
 
powder samples. For all experiments, the 90° pulse lengths were 2.0 μs, and the recycle delays were 10s to allow the system to recover to equilibrium. The sample temperatures for the variable temperature experiments were calibrated with lead nitrate.
1H and 19F diffusion coefficient measurementsThe samples were sealed in a 4mm solid-state NMR rotor and then was put in a standard 5mm glass tubes for measurement. 1H and 19F NMR tests were carried on a Bruker Avance III 300MHz wide bore NMR spectrometer with a 5mm diff50 pulse-field gradient probe. The 1H and 19F NMR signals of all the samples were used for the determination of the diffusion coefficients of the cation and anion groups respectively. 
Supporting data
Fig. S1 13C CPMAS NMR spectra obtained from [DMEDAH][Tf] and [DMEDAH2][Tf]2 at 20°C with the peak assignment shown on the molecular structures
13C CPMAS spectra from [DMEDAH][Tf] and [DMEDAH2][Tf]2 at 20°C are shown in Fig. S1. The spectra show good resolution and the peaks are assigned to various molecular sites as shown in their molecular structure. As can be seen from the spectra, the NMR shifts for two –CH3 groups are identical in [DMEDAH2][Tf]2, which suggest the cation structure is more symmetric than that of [DMEDAH][Tf].
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Fig. S2 Simulated 13C CPMAS NMR shifts and structures of the cations in [DMEDAH][Tf]  (b) and [DMEDAH2][Tf]2 (c) at 20°C
13C NMR chemical shifts in the cations of [DMEDAH][Tf] and [DMEDAH2][Tf]2  at 20°C were calculated using density functional theory (DFT) method, and the calculated values were compared with the experimental results. The order of the predicted NMR shifts for four cation-carbons is consistent with the shifts in experimental NMR spectra. It is clear that the overlapped peaks of C2 and C3 sites, belonging to two methyl groups in [DMEDAH2][Tf]2, become split in [DMEDAH][Tf]. This suggests that the cation structure is more symmetric in [DMEDAH2][Tf]2, which explain the higher melting point of [DMEDAH2][Tf]2 according to the literature.1
Fig. S3 The static 1H and 19F NMR spectra of the neat [DMEDAH][Tf] and [DMEDAH2][Tf]2
 83 
 
Fig. S3 compares the 1H and 19F NMR spectra of the pure [DMEDAH][Tf] and [DMEDAH2][Tf]2 measured at different temperature. All the spectra show progressive line-narrowing with increasing temperature indicating increasing molecular dynamics. As we can see from the 1H NMR spectra, in all the temperatures selected, there are more narrow peaks occurring in [DMEDAH2][Tf]2, which means more diffusive cation exists. The behaviour of the static spectra for 19F is similar to that of the 1H.
Fig. S5 13C solution NMR spectrum of [DMEDAH][Tf]
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Fig. S6 DEPT-135 spectra and 13C NMR spectra of [DMEDAH][Tf]
Fig. S7 13C solution NMR spectrum of [DMEDAH2][Tf]2The 13C solution NMR spectra of [DMEDAH][Tf]  and [DMEDAH2][Tf]2 are shown in Fig. S5 and Fig. S7 respectively. The chemical shift assignments confirmed the molecular structure of the synthesized samples. In the DEPT-135 spectra (Fig. S6) CH2 groups show negative charge whereas CH3 groups have positive peak which further confirmed our assignment. 
Reference1. Zheng, W.; Mohammed, A.; Hines Jr, L. G.; Xiao, D.; Martinez, O. J.; Bartsch, R. A.; Simon, S. L.; Russina, O.; Triolo, A.; Quitevis, E. L., Effect of cation symmetry on the morphology and physicochemical properties of imidazolium ionic liquids. 
The Journal of Physical Chemistry B 2011, 115 (20), 6572-6584.
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Chapter 5 The impact of anion chemistry on the ionic 
conductivity and molecular dynamics   
5.1 Introduction and Declaration  
In the previous chapter, a protic organic ionic plastic crystal system based on a di-
functional cation and triflate anion [DMEDAH2][Tf]2 was developed. This material 
exhibits a high melting point and a substantial solid-state conductivity that can be 
further improved by acid addition, thus making it a promising candidate for solid-
state proton conductors. 
In order to understand the effect of anion chemistry on the molecular dynamics 
and ionic conductivity in these materials, in this chapter, a new family of protic 
organic ionic plastic crystals, based on the same parent di-functional ammonium 
cation and a systematically varied anion was investigated. Comparing the DSC 
endotherms of the di-protonated and mono-protonated cations coupled with the 
same anion, the former material tends to have a higher melting temperature and 
a larger plastic crystal temperature range. Surprisingly, despite the high melting 
temperature of the di-protonated sample [DMEDAH2][Tf]2, it shows the highest 
ionic conductivity of 10#).4  S/cm among all the cation and anion couples 
investigated. The static solid-state NMR results show that [DMEDAH2][Tf]2 exhibits 
the highest mobile fraction, while the diffusion coefficients of the cations and 
anions in [DMEDAH2][Tf]2 , as obtained from the PFG-NMR experiments, are 
relatively low. In general, the ionic conductivity of a material is determined by 
both the number of the charge carriers and the rate of the charge transfer. NMR 
results strongly suggest that the number of charge carriers is the main reason for 
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The influence of anion chemistry on the ionic
conductivity and molecular dynamics in protic
organic ionic plastic crystals†
Jun Rao, a R. Vijayaraghavan, b Yundong Zhou, a Patrick C. Howlett, a
Douglas R. MacFarlane, b Maria Forsyth *a and Haijin Zhu *a
Proton conductors are widely used in diﬀerent electrochemical devices including fuel cells and redox
flow batteries. Compared to conventional proton conducting polymer membranes, protic organic ionic
plastic crystal (POIPC) is a novel solid-state proton conductor with high proton conductivity even under
anhydrous conditions. In this work, diﬀerent organic protic salts based on the same parent di-functional
cation with diﬀerent anions were synthesized and characterized. It is found that the di-protonated
cation plays an important role in defining the thermal properties, leading to stronger plastic crystal
behavior and a higher melting point. Static solid-state NMR and the synchrotron XRD results show that
the di-protonated cation allows greater dynamics in the crystal in contrast to the mono-protonated
counterparts. The 1-(N,N-dimethylammonium)-2-(ammonium)ethane triflate ([DMEDAH2][Tf]2) has the
highest ionic conductivity of 1.1 ! 10"4 S cm"1 at 50 1C, whereas the bis(trifluoromethanesulfonyl)amide
counterpart [DMEDAH2][TFSA]2 has the lowest ionic conductivity (2.8 ! 10"7 S cm"1 at 50 1C) with no
measureable mobile ion component at this temperature. The fraction of mobile species is significantly
suppressed in the TFSA containing salts as against the Tf systems.
1 Introduction
Proton conducting membranes are widely used in many diﬀerent
electrochemical applications, such as fuel cell, redox flow battery
and water splitting.1–3 They play an important role in these
devices allowing the proton transport while insulating the electronic
conduction. Perfluorosulfonic polymers, such as Nafion are the
most widely used proton conductors because of their good proton
conductivity, excellent chemical stability and good mechanical
properties. High proton conductivity of the Nafion membranes
and derivatives can only be achieved with the presence of water,
limiting their operating temperature to under 100 1C. Thus,
alternative anhydrous proton conductors are actively being
sought.4–6
Various methods have been explored in the literature including
doping the polymer matrix with a proton-donating molecule with
higher boiling point to replace water in the membrane.7 In 2003, a
protic ionic liquid was first reported as a proton conducting
electrolyte to solve the issues mentioned above.8 A protic ionic
liquid (PIL) is easily produced by a neutralization reaction of a
Brønsted acid and base. PILs have received much interest for
application in electrolyte membrane materials in high-temperature
polymer electrolyte membrane fuel cells (PEMFCs).9 This is due to
the low volatility, high proton conductivity, excellent chemical and
thermal stability of these materials, as well as the ability to be
operated in anhydrous conditions.10–12 However, using PILs directly
still requires a compatible mechanical support. Thus, solid-state
proton conductors with similar functionalities are being considered,
including polymerisable PILs and organic ionic plastic crystals.13,14
Organic ionic plastic crystals (OIPCs) have emerged as novel
solid-state ionic conductors, with unique plastic crystal phases
that ensure good mechanical flexibility and improved contact
between the electrodes.15–18 A protic OIPC (POIPC) is a solid
protic organic salt made via proton transfer reactions between a
Brønsted acid and Brønsted base, and this has been suggested
as a promising solid-state electrolyte for fuel cells.19 POIPCs
have many advantages over other candidates, such as high
proton conductivity without humidification and avoiding the
need to be supported by additional polymer membranes.4 Our
group has investigated the proton conductivity and proton
conduction mechanism of a variety of OIPCs as potential solid-
state proton conductors, with the first example being Choline
dihydrogenphosphate, [Choline][DHP], which exhibits good
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Materials (IFM), Deakin University, Melbourne Campus at Burwood, Burwood VIC 3125,
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thermal stability and high conductivity in the rotator phase.20
Rana et al. developed an aprotic OIPC [Choline][triflate], which
can achieve single-phase proton conduction upon triflic acid
doping.21 In the temperature range of interest above 100 1C, the
conductivity of both the neat and acid doped [Choline][triflate] can
reach 2 ! 10"3 S cm"1 at 120 1C.21
Protic OIPCs with mobile protons on the cation are also
expected to produce high proton conductivities with moderate
acid doping. Zhu et al. have investigated the guanidinium
triflate (GTf) system; several orders of magnitude improvement
in the proton conductivity can be achieved after triflic acid
(HTf) doping on the GTf matrix.22 The eﬀect of the hydrogen
bonding network on the physicochemical properties of the
POIPCs was also studied. Luo et al. developed 1,2,4-triazolium
perfluorobutanesulfonate, a novel POIPC with a wide plastic
phase (87–181 1C), the sudden weakening of hydrogen bonds
in the plastic supports rotational motion of the ions.19 Recently,
Chen et al. have looked into guanidinium nonaflate ([Gdm-H][NfO])
as a solid-state proton conductor. The conductivity reaches
2.1 ! 10"3 S cm"1 at 185 1C. The proton transport mechanism
was studied, and it was found that in the plastic crystalline
phase, the proton transfers via a vehicular mechanism.23
More recently, we developed a protic organic ionic plastic
crystal system based on a di-functional cation and triflate anion
[DMEDAH2][Tf]2. This material exhibits a high melting point
and a substantial solid-state conductivity that can be further
improved by acid addition, thus making it a promising candidate
for solid-state proton conductors.24 Dı´az et al. developed a composite
membranes based on [DMEDAH][Tf] and PVDF nanofibers, and the
membranes were tested in a proton exchange membrane fuel cell
(PEMFC) under anhydrous conditions, showing the potential for
use of such a material as an electrolyte for electrochemical
applications.25 In this study, we investigate a series of protic
salts based on the same parent di-functional cation with diﬀerent
anions (Fig. 1). Thermal properties and molecular dynamics of
the neat protic salts were determined by diﬀerential scanning
calorimetry (DSC), impedance spectroscopy and solid-state NMR
spectroscopy. The solid-state crystal structure of the diﬀerent
materials was investigated by synchrotron XRD.
2 Experimental
2.1 Materials synthesis
All the samples were synthesized via the neutralization reaction. The
mono-protonated cationic materials, ([DMEDAH][Tf], [DMEDAH]-
[TFSA], [DBAH][TFSA]) were made by a proton transfer reaction
between the equimolar ratios of the corresponding acids and
bases. Typically, the synthesis involves a dropwise addition of
aqueous solution of acid to base in an ice bath and the contents
were stirred for about 2 hours at room temperature. Then the
water was removed by distillation under reduced pressure and the
final solid product was dried under vacuum at room temperature
for two days; the yield was found to be 98%. The di-protonated
cation materials, ([DMEDAH2][Tf]2 [DMEDAH2][TFSA]2, [DMEDAH2]-
[TFSA][Tf]), were made by the proton transfer reaction between 2
moles of acid to 1 mole of N,N-dimethylethylenediamine. Details of
synthesis and characterization have been given in the ESI.†
2.2 Characterization
DSC measurements were performed on a Mettler Toledo DSC
instrument. All samples were prepared and sealed in the glove
box under argon atmosphere. The temperature and heat flow
were calibrated using cyclohexane as the reference. A temperature
range of"100 1C to 200 1C and scan rate of 10 1Cmin"1 was used
to study the thermal behavior of the materials. Three temperature
scans were run and the second heating scan is reported here as it
is more reproducible due to the controlled thermal history.
Ionic conductivity is measured by electrochemical impedance
spectroscopy (EIS). All the samples were dried under vacuum on a
Schlenk line below their melting points. A pair of platinum
electrodes was used and pellet samples were prepared by pressing
the material in a sealed KBR die under 10 tons pressure. A Bio-
logic SP-200 potentiostat driven by Solartron Modulab MTS
System was used for the EIS measurements. A tubular Helios
furnace (28 V, 32 W) with a flexible ceramic heater was used to
control the temperature. The heaters were controlled by a
Eurotherm 2204e or 3501e temperature controller interfaced
to the potentiostats, allowing impedance spectra to be acquired
automatically throughout a programmed isothermal temperature
profile. An amplitude of 0.1 V and frequency range of 1 MHz–1
Hz was applied over a temperature range of 25 1C to 55 1C. All the
samples were held at the target temperature for 30 min before
taking impedance measurements.
The solid-state NMR Spectroscopy experiments were performed
on a Bruker Avance III 300 MHz wide bore NMR spectrometer with
Larmor frequency of 300.13 MHz, 75.46 MHz for 1H and 13C
respectively. All 1H and 13C chemical shifts were referenced relative
to tetramethylsilane (TMS). A 4mm double resonance Magic Angle
Spinning (MAS) probe head was used to record the spectra from
stationary powder samples. For all experiments, the 901 pulse
lengths were 2.0 ms, and the recycle delays were 10 s to allow the
system to recover to equilibrium. The sample temperatures for
the variable temperature experiments were calibrated with lead
nitrate.26
The 1H and 19F diﬀusion coeﬃcients were measured on a
Bruker Avance III 300 MHz wide bore NMR spectrometer with a
Fig. 1 Chemical structure of protic OPICs, 1-(N,N-dimethylamino)-2-
(ammonium)ethane triflate ([DMEDAH][Tf]), 1-(N,N-dimethylamino)-2-
(ammonium)ethane TFSA ([DMEDAH][TFSA]), 1-(N,N-dimethylammonium)-
2-(ammonium)ethane di-TFSA salt ([DMEDAH2][TFSA]2), 1-(N,N-dimethyl-
ammonium)-2-(ammonium)ethane di-triflate salt ([DMEDAH2][Tf]2), dibenzyl-
ammonium TFSA ([DBAH][TFSA]) and 1-(N,N-dimethylammonium)-2-
(ammonium)ethane TFSA triflate ([DMEDAH2][TFSA][Tf]).
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5 mm diﬀ50 pulse-field gradient probe. The samples were
sealed in a 4 mm solid-state NMR rotor and then put in a
standard 5 mm glass tube for measurement. The 1H and 19F
NMR signals were used for the determination of the diﬀusion
coeﬃcients of the cation and anion species respectively.
XRD experiments were performed at the Australian Synchrotron
powder diﬀraction beam line. All the spectra were recorded at
ambient temperature. Samples were prepared and sealed into
0.3 mm low X-ray adsorption borosilicate glass capillaries (Charles
Supper Company) in a glove box filled with argon atmosphere. The
radiation wavelength was refined by using the standard reference
LaB6 Lab6_660b-diam and set at 0.688475(2) Å. The acquired data
from each detector were merged together and normalized before
being plotted.
3 Results and discussion
3.1 Thermal analysis
The thermal behavior of all of the samples was investigated by
diﬀerential scanning calorimetry (DSC). The DSC traces of these
materials is shown in Fig. 2, the phase transition temperatures
(T), enthalpy changes (DH) and entropies of fusion (DS) are
summarized in Table. 1 (the melting temperatures were con-
firmed by visual melting tests). It is shown that these materials
pass through one or two solid–solid phase transitions before
melting in the studied temperature range. The first solid phase
below melting temperature is termed phase I by convention,
with subsequent lower temperature phase termed phase II, III
etc. respectively. Remarkably, the entropy of melting of the
[DMEDAH2][Tf]2 sample is relatively small (22.8 J K
!1 mol!1)
among all the samples, close to 20 J K!1 mol!1 which is
recommended by Timmerman’s criterion as the definition of
a plastic crystal. The small value of entropy change is associated
with several solid–solid phase transition (!53 1C, 103 1C and
121 1C) before melting, leading to large degree of orientational
freedom, indicating relatively disorder present in the phase I.
The entropy of fusion of other protic salts are relatively large,
which suggest that the materials in phase I are not totally
rotationally disordered, which is also reflected in the low
conductivities of these salts compared to [DMEDAH2][Tf]2 as
discussed later. For the DMEDAH/DMEDAH2 cation systems it
is found that both di-protonated cation salts exhibit three
endothermic peaks, whereas the mono-protonated salts exhibit
only two. Comparing the curves of [DMEDAH][TFSA] and
[DMEDAH2][TFSA]2, it is found that (i) the di-protonated salt
has higher melting transition (156 1C) and solid–solid phase
(II- I) transition (148 1C) and (ii) the di-protonated salt has an
extra solid–solid phase (III - II) transition which is not
observed for the mono-protonated sample. These observations
also hold for the [DMEDAH][Tf] and [DMEDAH2][Tf]2 systems.
Interestingly, both the triflate salts ([DMEDAH][Tf] and
[DMEDAH2][Tf]2) show an exothermic peak at around 30–40 1C
which is not observed for the TFSA salts. The exothermic peak for
[DMEDAH][Tf] is not as obvious, probably because it is partially
overlapped with the endothermic peaks of the solid–solid
transition and melting. But the exothermic nature can be clearly
seen from the enlarged trace shown as an inset on the right. For
the mixed anion sample, [DMEDAH2][TFSA][Tf], the DSC trace
and transition temperature are completely different from that of
[DMEDAH][Tf] or [DMEDAH][TFSA], suggesting that it is a new
compound with completely different crystal structure. It is also
observed that TFSA anion shows higher melting point than Tf
anion. For instance, [DMEDAH][TFSA] melt about 15 1C above
[DMEDAH][Tf], and [DMEDAH2][TFSA]2 melts around 30 1C
above [DMEDAH2][Tf]2, which may due to that TFSA has more
symmetric structure than Tf, resulting in a higher melting point
according to the literature.27
3.2 Synchrotron X-ray powder diﬀraction (XRD)
Synchrotron XRD can provide information on the solid-state
structure of the protic salts.28,29 Fig. 3 presents the synchrotron
Fig. 2 DSC traces of, from top to bottom, [DMEDAH2][TFSA][Tf], [DMEDAH2]-
[TFSA]2, [DMEDAH][TFSA], [DMEDAH2][Tf]2, [DMEDAH][Tf], [DBAH][TFSA].
The exothermic peak of [DMEDAH][Tf] sample is enlarged and shown as
an inset on the right side of the figure.
Table 1 Phase transition temperatures (T), enthalpy changes (DH) and entropies of fusion (DS) of all protic salts, as determined by DSC
Phase transition
III–II II–I I-Melt
T (1C)
" 1
DH (kJ mol!1)
" 10%
DS (J K!1 mol!1)
" 10%
T (1C)
" 1
DH (kJ mol!1)
" 10%
DS (J K!1 mol!1)
" 10%
T (1C)
" 1
DH (kJ mol!1)
" 10%
DS (J K!1 mol!1)
" 10%
[DMEDAH2][TFSA][Tf] 63 27.7 42.8 95 13.6 42
[DMEDAH2][TFSA]2 98 10.3 18.1 148 10.2 30.5 156 43.08 66
[DMEDAH][TFSA] 71 23.8 25.5 82 52.2 124.3
[DMEDAH2][Tf]2 !53 11.3 19.9 103 12.2 12.6 121 23.2 22.8
[DMEDAH][Tf] 54 43.9 31.9 67 46.4 78.8
[DBAH][TFSA] 91 50.7 139.1
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XRD patterns of the protic OIPCs obtained at room temperature.
Although these materials have very similar cations and anions,
they show completely diﬀerent diﬀraction patterns. The diﬀraction
peaks of the Tf anion based samples are apparently fewer in
number than that of the TFSA anion counterpart, indicating a
higher symmetry in their crystal lattices.27 It is also seen that the
[DMEDAH2][Tf]2 sample has the simplest diﬀraction pattern
among all the samples. This might be related to the presence of
the solid–solid phase transition at !51 1C, which activates the
rotational disorder of the cation and/or anion in the solid phase
and thereby eliminating some of the diffraction lines.
The space group and unit cell volume of these materials
were determined and shown in Table S1 (ESI†). These four
plastic crystals showed the same P1 (triclinic) symmetry with
diﬀerent unit cells. It is also observed that the unit cell volume
follows the order: [DMEDAH2][TFSA][Tf]4 [DMEDAH2][TFSA]24
[DMEDAH2][Tf]24 [DMEDAH][Tf]. Unit cell volume of [DMEDAH2]-
[TFSA][Tf] is largest and [DMEDAH][Tf] is the smallest.
3.3 Ionic conductivity
Fig. 4 shows a comparison of the ionic conductivity of diﬀerent
samples with increasing temperature. Among all these samples,
[DMEDAH2][Tf]2 exhibit the highest conductivity, followed by
[DMEDAH2][TFSA][Tf]. Compared to the triflate systems, the
TFSA salts show lower ionic conductivity in the temperature range
from 25 1C to 55 1C. Interestingly, while the [DMEDAH2][Tf]2 shows
much higher conductivity than its mono-protonated version
([DMEDAH][Tf]), [DMEDAH2][TFSA]2 exhibited an order of
magnitude lower conductivity in contrast to [DMEDAH][TFSA].
This is probably due to the fact that [DMEDAH2][Tf]2 has a
solid–solid phase (III- II) transition at a lower temperature of
about !51 1C (Fig. 2), which leads to a more plastic, disordered
system and therefore faster local molecular dynamics for the
ions. In contrast, [DMEDAH2][TFSA]2 and [DMEDAH][TFSA] do
not display the phase III- II transition, and the former shows
a higher II- I transition temperature than the latter. In other
words, the [DMEDAH2][TFSA]2 ions are packed in a more
ordered arrangement (less likely to move) in the lattice at
ambient temperatures as compared to the [DMEDAH][TFSA]
and this ordered lattice structure only entertains rotional
motions at higher temperatures, just before the melt. Therefore,
the conductivity results are highly consistent with the DSC data.
The activation energy for each sample is calculated using the
Arrhenius equation:
s ¼ s0exp ! Ea
RT
! "
where s is the ionic conductivity in S cm!1, s0 the pre-
exponential factor in S cm!1, R the gas constant in J mol!1 K!1,
T temperature in K and Ea the activation energy in J mol
!1. The
fitting results are listed in Table 2. The activation energy
of [DMEDAH2][TFSA][Tf](42.1 kJ mol
!1) and [DMEDAH2][Tf]2
(55.5 kJ mol!1) is relatively low among all the protic salts,
suggesting the lowest energy barrier for ion conduction in this
material. In the case of protic OIPC materials, the proton
transport is generally accomplished via two plausiblemechanisms:
(1) Grotthus mechanism which is also known as ‘proton hopping’,
and (2) vehicular mechanism where the protons migrate through
the medium along with a bulky vehicle – a cation in most cases.30
Fig. 3 Comparison of the synchrotron X-ray diﬀraction patterns at
room temperature of [DMEDAH][Tf], [DMEDAH2][Tf]2, [DMEDAH2][TFSA]2,
[DMEDAH2][TFSA][Tf].
Fig. 4 Ionic conductivity of the protic organic ionic salts. The solid lines
are a guide to the eye only.
Table 2 The activation energy of the materials obtained by fitting the
conductivity in Fig. 4 using Arrhenius equation. The conductivity of
[DMEDAH][Tf] is not shown because the fitting was not converged
Material Ea (kJ mol
!1) # 1
[DMEDAH2][TFSA][Tf] 42.1 (0.44 eV)
[DMEDAH2][TFSA]2 94.6 (0.98 eV)
[DMEDAH][TFSA] 70.6 (0.73 eV)
[DMEDAH2][Tf]2 55.5 (0.58 eV)
[DBAH][TFSA] 85.4 (0.89 eV)
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Several studies in literature have discussed proton transport
mechanisms in similar PIL systems.27,31–35 Porion et al., studied
the proton transport of two protic ionic liquids (PILs) – pyrro-
lidinium hydrogen sulfate and pyrrolidinium trifluoroacetate
in aqueous solution, and found that in these PILs proton
conduction follows a combination of Grotthuss and vehicle –
type mechanisms.35 Noto et al., investigated the structure–
property relationship of the triethylammonium neutralized
Nafion 117 membrane and doped with the ionic liquid trifluoro-
methanesulfonate of triethylammonium. By using the broad
band dielectric spectroscopy technique, they were able to reveal
two conductivity regions delimited at T = 5 1C. At T4 5 1C, the
proton transport is directly correlated to the segmental motion
of fluorocarbon backbone chains and side groups; whereas at
T o 5 1C, the long-range charge transfer occurs owing to ‘ion
hopping’ which is modulated by the relaxation of side groups.34
Most of the proton-conducting materials in literature involve
water or other protic solvents as the charge carriers, whereas the
proton transfer mechanisms in bulk solid-state materials are
less investigated. According to Kitagawa et al., most reported
activation energies of the Grotthuss and vehicle diffusion are in
the range of 0.1–0.4 and 0.5–0.9 eV, respectively.36 Using this
criterion, the activation energy of all the samples are larger than
0.4 eV (Table 2), indicating proton conducts via vehicular
mechanism, or amixed Grotthuss and vehicle diffusionmechanism
in a certain plastic crystal phase. This result is in a good agreement
with the diffusion coefficient results discussed later.
3.4 Solid-state nuclear magnetic resonance (NMR)
spectroscopy
Solid-state NMR is a versatile technique to probe the local
structure and dynamics of materials. In the studied samples,
1H and 19F only exist in the cation and anion, respectively,
which allows us to probe the motion of cation and anion
independently. Fig. 5a and b show a comparison of the static
1H and 19F NMR spectra of all the samples measured at 20 1C
and 60 1C, respectively. All these 1H and 19F spectra exhibit a
typical feature of one (or sometimes several) narrow peak(s)
superimposed on a broad peak. The broad peak is generally
attributed to the relatively rigid component where the homo-
nuclear dipolar interaction is the dominant T2 relaxation
mechanism,37,38 and the lineshape is often approximated by a
combination of Gaussian and Lorentzian functions.39 The
narrow peaks are generally attributed to the mobile component
where the dynamics of the molecules/ions is suﬃcient to
average out the dipolar interactions, etc. It is seen in Fig. 5a
that the [DMEDAH2][Tf]2 sample shows the most abundant
mobile fraction for both cation (1H) and anion (19F) at 20 1C.
This is in a good agreement with its highest conductivity among all
the investigated samples. Similarly, [DMEDAH2][TFSA]2 sample
shows the least mobile fraction (in both 1H and 19F spectra),
consistent with its lowest ionic conductivity. It is also noted that
[DMEDAH2][TFSA]2 exhibits very similar
1H and 19F lineshape at
both temperatures studied here.
To quantify the percentage of the narrow/broad components
in the 1H and 19F spectra, the spectra were fitted with a
combination of a broad component and one or several narrow
components. Fig. 6 compares the area fraction of narrow peaks of
1H and 19F NMR spectra for samples as a function of temperature.
Narrow component fractions of the mono-protonated samples
([DMEDAH][Tf], [DMEDAH][TFSA]) and mixed anion salts
([DMEDAH2][TFSA][Tf]) increase sharply with increasing
temperature, and reach 100% at 50–70 1C, suggesting a growing
proportion of mobile cations and anions. However, for the
di-protonated salts, ([DMEDAH2][Tf]2 and [DMEDAH2][TFSA]2),
the area fraction of narrow peaks is very constant with increasing
temperature, indicating that the effect of temperature on the
proportion of diffusive cations (and anions) is insignificant. This
is in part due to the fact that the mono-protonated samples have
lower melting points than that of the di-protonated samples
(Fig. 2). Interestingly, while both di-protonated samples show a
relatively constant mobile fraction in the studied temperature
region, [DMEDAH2][Tf]2 has a significantly higher mobile content
(for both cation and anion) than that of [DMEDAH2][TFSA]2. This
would explain an order of magnitude higher conductivity in
[DMEDAH2][Tf]2.
As mentioned previously, the static 1H NMR line is mainly
broadened by homonuclear dipole–dipole interactions, and the
lineshape can be approximated by a combination of Gaussian
and Lorentzian functions. The linewidth can be reduced by
isotropic molecular motions; thus it retains useful information
of molecular dynamics.40 Fig. 7 shows the broad line width at
Fig. 5 Static 1H and 19F NMR spectra of the protic organic ionic salts
measured at 20 1C (a) and 60 1C (b).
Fig. 6 The area fraction of narrow component of 1H and 19F NMR peaks at
diﬀerent temperature in the protic organic ionic salts for the cation (1H)
and anion (19F) species.
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half maximum of the peaks as a function of temperature. The
1H NMR linewidths of the broad peak for the di-protonated
cation are smaller than that of the mono-protonated cation
sample at lower temperatures (T o 20 1C), suggesting the
immobile di-protonated cations (i.e. those that are not diffusing,
but retain their crystallographic positions) exhibit faster rotational
dynamics in their lower temperature crystal phases. This suggests
weaker interionic interactions in di-protonated salts at lower
temperatures, whereas above room temperature, for a given anion,
the linewidths are almost identical. Furthermore, there is an
obvious monotonous decrease in the peak width with increasing
temperature in the mono-protonated materials, [DMEDAH][Tf]
and [DMEDAH][TFSA]. Whereas [DMEDAH2][Tf]2 exhibit an
apparent increase in the linewidth at around 30 1C, which
indicates an increase in the rigidity of the cation. This is consistent
with the ‘cold recrystallization’ peak at 30 1C in the DSC trace
(Fig. 2), indicating the formation of more ordered/rigid structures
in the OIPC crystals. It worth mentioning that the 19F line widths
of the broad component are not presented because the 19F line-
shapes are non-ideal Gaussian lines as the 19F chemical shift
anisotropy (CSA) contributes significantly to the NMR linewidth.
Therefore, the measured peak width doesn’t have a sound physical
meaning and thus can’t be used to describe the mobility of the
anions in a simple way.
3.5 Diﬀusion coeﬃcients of cations and anions
In general, the ionic conductivity is determined by both the
number and the transport rate of the charge carriers. Previous
studies have shown that ionic conduction in protic organic
ionic salt systems is primarily accomplished through the per-
colated grain boundary phase.6,23 We do not know if this is also
the case for these samples or whether the transport mechanism
is through defects in the bulk crystal. Nevertheless, we can
determine the transport rate (diﬀusion coeﬃcient) of the
cations and anions by the Pulse-field gradient NMR, as shown
in Fig. 8. The diﬀusivity of [DMEDAH2][TFSA]2 was not shown in
the figure because of its extremely slow low mobility (therefore
fast T2 relaxation). This also explains its lowest conductivity
among all these samples. It is found that for the [DMEDAH][Tf]
sample, the cation diﬀuses faster than the anion, whereas the other
samples have comparable or lower cation diﬀusion coeﬃcients than
that of the anions. It is well known that a fast cation (eﬀective charge
carrier) and slow anion transport is a favourable property for many
electrolyte materials as it would produce a large cation transference
number and allow an eﬃcient charge transfer. In this respect, the
[DMEDAH][Tf] may be a good proton conductor (via the protonated
cation) with a high transference number. Moreover, the
di-protonated sample [DMEDAH2][Tf]2 shows very similar diﬀusion
coeﬃcients between the cation and anion in all the studied
temperature region. This might be explained by the more intensive
hydrogen bonding network (as a result of the two dissociable
protons) between the cation and anion. Despite the lower ionic
conductivity of [DMEDAH][TFSA] compared to the [DMEDAH2][Tf]2,
the former shows notably higher diﬀusion coeﬃcients for both
cations and anions. This observation may lead to the conclusion
that, in these protic organic ionic salts, the dominant factor for the
ionic conductivity is the number of mobile species (charge
carriers) or that there is an additional mechanism at play in the
[DMEDAH2][Tf]2 case. It is also worth mentioning that, for all the
samples, no diﬀerence has been observed in the diﬀusion coeﬃ-
cients of the dissociable proton N–H and the methyl and ethyl
groups in the cations, suggesting a vehicular proton transport
mechanism in these materials, i.e., the dissociable proton transports
through the material together with the cation, as an entirety.
4 Conclusions
This work reports on a new family of protic organic ionic salts
based on the same di-functional cations with diﬀerent anions
Fig. 7 Static 1H NMR broad line widths as a function of temperature for
the protic organic ionic salts.
Fig. 8 Comparison of 1H and 19F diﬀusion coeﬃcients of the protic
organic ionic salts at diﬀerent temperature measured by PFG-NMR. Note
that the 19F diﬀusion of the [DMEDAH2][TFSA][Tf] sample is an average
value of the two anions because the 19F chemical shifts of TFSA and Tf
anions are not distinguishable in the PFG-NMR experiments.
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and characterized them using DSC, EIS, NMR and synchrotron XRD
techniques. It has been shown that although the di-protonated
sample [DMEDAH2][Tf]2 has a higher melting point compared
to the mono-protonated samples, it shows the highest ionic
conductivity among all the samples investigated. The static
solid-state NMR results show that [DMEDAH2][Tf]2 exhibits
the highest mobile fraction, while the PFG-NMR results indicate
that the diﬀusion coeﬃcients of the cations and anions in
[DMEDAH2][Tf]2 are similar and lower than the that of the
[DMEDAH][TFSA] sample, particularly at higher temperatures
(T 4 40 1C). PFG-NMR also revealed that the proton in the
cation transports via a vehicular mechanism. It seems that the
number of mobile charge carriers is the key factor that determines
the ionic conductivity in these systems.
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1. Synthesis of Protic salts based on N,N-Dimethylethylenediammonium (DMEDAH) cation
N,N-Dimethylethylenediamine (DMEDA), 99% and Triflic acid (99%) were obtained from Sigma-Aldrich 
(Austrlia) while bis(trifluoromethanesulfonyl) amide acid (HTFSA), 99% was purchased from Mortia 
Chemical Industries, Japan. The chemicals were used without purification. The synthesis and 
characterization of some of the salts based on DMEDA cation were given below.
1) 1-(N,N-Dimethylamino)-2-(ammonium)ethane triflate [DMEDAH][Tf] 
DMEDAH Tf was made by neutralizing 1 mole of triflic acid with 1 mole of N,N-dimethylethylenediamine. 
Typically the synthesis involve a drop wise addition of aqueous solution of triflic acid (42 mmoles, 6.3g) 
to N,N-dimethylethylenediamine (42 mmoles, 3.7g) in an ice bath and the contents were stirred at room 
temperature. Then water was removed by distillation under reduced pressure at 70 0 C and then dried in a 
vacuum chamber kept at room temperature for two days. The yield was found to be 98 %. 
ESI-MS analysis
Electrospray mass spectroscopy analysis (Cone ± 25 V):  m/z (relative intensity, %), ES+, 
89.1(CH3)2NCH2CH2NH3); ES-, 148.9 (triflate, 100). The DMEDA cation undergoes fragmentation and so 
the positive electrospray has other fragmented ions.
NMR analysis
1H NMR (600 MHz in CH3CN d3, δ, ppm relative to TMS): 2.48 (s, 6H), 2.74-2.76(m, 2H), 2.96-2.98(m, 
2H), 5.01(s, 3H). The presence of NH3+ appears as a broad peak due the presence of slight water in the 
solvent but the peak integrals of the number of protons of CH3:CH2:CH2:NH3 are obtained as 
6.0:2.0:2.0:3.6 respectively and this shows that the sample is pure.  
2) 1-(N,N-Dimethylammonium)-2-(ammonium)ethane-triflate [DMEDAH2][Tf]2   
The compound was made by reacting 2 moles of triflic acid with 1 mole of N,N-dimethylethylenediamine. 
The synthesis involve a slow addition of aqueous solution of triflic acid (84 mmoles, 12.5g) to N,N-
dimethylethylenediamine (42 mmoles, 3.7g) in an ice bath and the contents were stirred at room 
temperature. Water was removed by distillation and the final solid product was dried under vacuum for two 
days at room temperature and the yield was found to be 98 %. The pH of 0.1 M aqueous solution was found 
to be 2.1.
ESI-MS analysis
Electrospray mass spectroscopy analysis (Cone ± 25 V):  m/z (relative intensity, %), ES+, 89.1 
(CH3)2NHCH2CH2NH3); ES-, 148.9 (triflate, 100). The DMEDA cation undergoes fragmentation and so 
the positive electrospray has other fragmented ions.
NMR analysis
Electronic Supplementary Material (ESI) for Physical Chemistry Chemical Physics.
This journal is © the Owner Societies 2018
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1H NMR (600 MHz in CH3CN d3, δ, ppm relative to TMS): 2.90 (s, 6H), 3.35-3.38(m, 2H), 3.42-3.45(m, 
2H), 6.87(s, 3H), 7.75(s, 1H). The NH3+ (3 protons) and the proton on the tertiary nitrogen (1 proton) were 
clearly seen indicating that protonation occurred both at the primary and tertiary nitrogen of the DMEDA 
cation on treatment with 2 moles of triflic acid. The peak integrations of number of protons of 
CH3:CH2:CH2:NH3:NH are obtained as 6.1:2.0:2.0:3.0:1.0 and this shows the sample is pure.  
3) 1-(N,N-Dimethylamino)-2-(ammonium)ethane bis(trifluoromethanesulfonyl)amide  
[DMEDAH][TFSA] 
The procedure is same as the case for triflate salt except the aqueous addition of bis(trifluoromethane 
sulfonyl)amide acid (HTFSA) was added in place of triflic acid. The addition of aqueous solution of HTFSA 
(27 mmoles, 7.6 g) was made to N,N-dimethylethylenediamine (27 mmoles, 2.38 g) kept in an ice bath. 
The contents were stirred and water was roto-evaporated at 70 0C under reduced pressure. The sample was 
further dried in a vacuum desiccator at room temperature and yield was found to be 99%.
ESI-MS analysis
Electrospray mass spectroscopy analysis (Cone ± 25 V):  m/z (relative intensity, %), ES+, 
89.1(CH3)2NCH2CH2NH3); ES-, 279.9 (TFSA, 100). The DMEDA cation undergoes fragmentation and so 
the positive electrospray has other fragmented ions.
NMR analysis
1H NMR (600 MHz in CH3CN d3, δ, ppm relative to TMS): 2.53 (s, 6H), 2.78-2.79(m, 2H), 2.94-2.96(m, 
2H), 3.8-4.1(s, 4H). Here again NH3+ appears as a broad peak due the presence of water in the solvent. 
4) 1-(N,N-Dimethylammonium)-2-(ammonium)ethane-bis(trifluoromethanesulfonyl)amide  
[DMEDAH2] [TFSA]2
In this case 2 moles of aqueous solution of HTFSA was added to 1 mole of N,N-dimethylethylenediamine 
kept in an ice bath. Typically HTFSA (30.7 mmoles, 8.64g) was added slowly to N,N-
dimethylethylenediamine (15.3 mmoles, 1.35g) kept in an ice bath. Water was roto-evaporated at 70 0C 
under reduced pressure and the product was further dried in a vacuum desiccator at room temperature. The 
yield was found to be 99%. 
ESI-MS analysis
Electrospray mass spectroscopy analysis (Cone ± 25 V):  m/z (relative intensity, %), ES+, 
89.1(CH3)2NHCH2CH2NH3); ES-, 279.9 (TFSA, 100). The DMEDA cation undergoes fragmentation and 
so the positive electrospray has other fragmented ions.
NMR analysis
1H NMR (600 MHz in CH3CN d3, δ, ppm relative to TMS): 2.88 (s, 6H), 3.26-3.34(m, 4H), 6.37-6.54(m, 
3H), 6.88-7.05(m, 1H). In this case the two methylene protons were very close and integrated as one signal 
to get 4 protons. The NH3+ (3 protons) and the proton on the tertiary nitrogen (1 proton) were clearly seen 
indicating that protonation occurred both at the primary and tertiary nitrogen of the DMEDA cation on 
treatment with 2 moles of HTFSA. 
5) 1-(N,N-Dimethylammonium)-2-(ammonium)ethane-TFSA-triflate  [DMEDAH2][TFSA][Tf]
Here 1 mole of aqueous solution of triflic acid was added to 1 mole of aqueous solution of 
DMEDAHTFSA. Typically triflic acid (19.3mmoles, 2.9 g) was added slowly to DMEDAHTFSA 
(19.3mmoles, 7.1g) kept in an ice bath. As described above, water was roto-evaporated at 70 0 C under 
reduced pressure and the product was further dried in a vacuum desiccator at room temperature. The yield 
was found to be 99%.
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ESI-MS analysis
Electrospray mass spectroscopy analysis (Cone ± 25 V):  m/z (relative intensity, %), ES+, 
89.1(CH3)2NHCH2CH2NH3); ES-, 279.9, 148.9 (TFSA, 100). The DMEDA cation undergoes fragmentation 
and so the positive electrospray has other fragmented ions.
NMR analysis
1H NMR (600 MHz in CH3CN d3, δ, ppm relative to TMS): 2.89 (s, 6H), 3.33-3.39(m, 4H), 6.67-6.73(m, 
3H), 7.42-7.49(m, 1H). Here again, the two methylene protons were very close and integrated as one signal 
to get 4 protons. The NH3+ (3 protons) and the proton on the tertiary nitrogen (1 proton) were clearly seen 
indicating that protonation occurred both at the primary and tertiary nitrogen of the DMEDA cation on 
treatment with 1 mole of HTFSA and 1 mole of triflic acid.
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Part III 
Proton conducting polymer composites 
based on protic organic salts 
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Chapter 6 Novel protic organic ionic plastic crystals based on 
a di-functional cation and the triflate anion  
6.1 Introduction and Declaration  
Protic organic ionic plastic crystals are the proton conducting sub-class of the 
organic ionic plastic crystal family and are regarded as next-generation proton 
conductors because of their high ionic conductivity, high thermal stability, non-
flammability and ability to be used under anhydrous conditions. However, these 
materials alone are generally soft, and usually benefit from being composited with 
various matrix materials that can provide sufficient support for electrolyte 
membrane applications. Based on previous chapters, we chose [DMEDAH2][Tf]2 
for further characterization as it shows the most promising combination of 
properties. 
In this chapter, we develop novel proton conducting composite membranes based 
on [DMEDAH2][Tf]2 and poly(vinylidene difluoride) (PVDF). The main purpose of 
this study is to understand the influence of the matrix on the ion dynamics of 
protic OIPC. In contrast to previous aprotic OIPCs which usually show improved 
conductivity and stabilization of a more dynamic OIPC phase1-3, the protic OIPC 
composite investigated in this study shows a three orders of magnitude decrease 
in conductivity as compared to that of the pure POIPC, and appears to be more 
ordered than the pure OIPC, according to the DSC results. Furthermore, the solid-
state NMR revealed slower molecular dynamics and decreased number of mobile 
protons in the composite materials, and the FTIR results indicated that the proton 
in the N-H group is less dissociable in the composites, thus explaining the low 
 104
conductivity of the composite. Variable temperature Synchrotron XRD results 
suggest that thermal history plays an important role in modifying the OIPC crystal 
structure and symmetry, and the addition of PVDF nanofibers tends to stabilize 
the metastable phase of the POIPC material. 
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Inﬂuence of Electrospun Poly(vinylidene diﬂuoride) Nanoﬁber Matrix
on the Ion Dynamics of a Protic Organic Ionic Plastic Crystal
Jun Rao,† R. Vijayaraghavan,‡ Xiaoen Wang,† Yundong Zhou,† Patrick C. Howlett,†
Douglas R. MacFarlane,‡ Maria Forsyth,*,† and Haijin Zhu*,†
†ARC Centre of Excellence for Electromaterials Science (ACES), Institute for Frontier Materials (IFM), Deakin University,
Melbourne Campus at Burwood, Burwood VIC 3125, Australia
‡ARC Centre of Excellence for Electromaterials Science (ACES), School of Chemistry, Monash University, Wellington Road,
Clayton, VIC 3800, Australia
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ABSTRACT: The organic ionic plastic crystal (OIPC) family
of electrolyte materials has provided a universal material
platform for many electrochemical devices such as all-solid-
state lithium ion batteries and medium-temperature (T =
120∼180 °C) fuel cells. These OIPC materials usually beneﬁt
from being compounded with various matrix materials which
not only provide mechanical support but also dramatically aﬀect
the ion transport within the composites by forming a percolated
interfacial region and/or changing the solid-state structure and
dynamics of the bulk phase. Therefore, a fundamental
understanding of the inﬂuence of the matrix on the ion
dynamics of the OIPCs is crucial. In this work composite membranes based on protic organic ionic plastic crystal (POIPC) 1-
(N,N-dimethylammonium)-2-(ammonium)ethane triﬂate ([DMEDAH2][Tf]2) and poly(vinylidene diﬂuoride) (PVDF) have
been prepared and characterized systematically. Particular attention has been paid to the inﬂuence of PVDF nanoﬁbers on the
thermal properties, phase behavior, ionic conduction, and molecular dynamics of the OIPC ions. We found that the presence of
PVDF nanoﬁbers reduces the mobility of the OIPC molecules at the interfacial region, while in the meantime it also dramatically
changes the crystalline structure and ion dynamics of the bulk OIPC phase. Solid-state NMR revealed both lower mobile
component content and signiﬁcantly reduced molecular dynamics in the composites. This result is highly consistent with the
DSC data which show a notably higher melting enthalpy for the composite. Combination of DSC, solid-state NMR, and FTIR
techniques consistently explained the fundamental mechanisms of the decreased ionic conductivity of the OIPC/PVDF
composite material. Variable-temperature synchrotron XRD results suggest that thermal history plays an important role in
modifying the POIPC crystal structure and symmetry, and the addition of PVDF nanoﬁbers tends to stabilize the metastable
phase of the POIPC material. This work highlights the importance of understanding the OIPC−matrix interactions and the
resultant interface when designing future solid-state electrolytes.
1. INTRODUCTION
Organic ionic plastic crystals (OIPCs) are interesting solid-state
electrolyte materials which have many advantages over other
candidates, such as nonﬂammability, large electrochemical
window, and high thermal and electrochemical stabilities,
etc.1,2 OIPCs have unique plastic phases, which lead to good
mechanical ﬂexibility and improved contact between electrodes
and electrolyte.3,4 Pure OIPCs can undergo several solid−solid
transitions before melting due to rotational and reorientationtal
motion of the molecules, which allows the inherent
conductivity in the solid phase.2,5,6 Protic ionic organic plastic
crystals (POIPCs) are a solid-state protic subclass of organic
salts which can be readily synthesized via proton transfer
reactions between a Brønsted acid and Brønsted base.7
Compared to commercialized polymer membranes for fuel
cells, POIPCs can achieve high proton conductivity without
humidiﬁcation; thus, such materials have been suggested as
promising solid-state electrolytes for fuel cells.7 In an early
study reported by Yoshizawa-Fujita, two new classes of proton-
conducting ionic plastic crystals, choline dihydrogen phosphate
([N1.1.1.2OH]DHP) and 1-butyl-3-methylimidazolium dihydro-
gen phosphate ([C4mim]DHP) were reported, both showing
solid−solid transitions followed by a relatively weak melting
transition, and thus can be classiﬁed as plastic crystals using
Timmerman’s criterion.8
The ionic conductivity of POIPCs can be improved
dramatically with only moderate acid doping. Zhu et al. have
investigated the guanidinium triﬂate (GTf) system, where
several orders of magnitude improvement in the proton
conductivity was observed after 2−4 mol % triﬂic acid (HTf)
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doping into the GTf matrix.9 The NMR data revealed proton
transport via a Grotthuss mechanism in this system. Chong et
al. investigated two novel protic salts 2-methylimidazolium
triﬂate, [2-MeHIm][TfO], and 2-methylimidazolinium triﬂate,
[2-MeHImn][TfO].10 The conductivity of pure [2-MeHImn]-
[TfO] can reach about 10−5 S/cm and can be further increased
by acid or base doping, to above 10−4 S/cm at 30 °C.
Interestingly, both the acid and base doping show very similar
eﬀects in enhancing the ionic conductivities. NMR results
indicated that the increase in the ion conduction upon acid/
base doping is mostly due to the increased percentage of
mobile species in the solid bulk, whereas the diﬀusion
coeﬃcients of the ions do not show much diﬀerence with
varying doping ratios. Luo et al. developed 1,2,4-triazolium
perﬂuorobutanesulfonate, a novel POIPC with a broad plastic
phase (87−181 °C), where the sudden weakening of hydrogen
bonds in the plastic phase leads to rotational motion of the
ions.11 This material was successfully tested in a fuel cell
without humidiﬁcation with open-circuit voltage (OCV) of 1.05
V. In the work reported by Chen et al., guanidinium nonaﬂate
was considered as a promising candidate for high-temperature
(100−200 °C) proton exchange membrane fuel cell
(PEMFC).12 Its conductivity can reach 2.1 × 10−3 S/cm at
185 °C, and the proton conduction in the plastic crystalline
phase is achieved via vehicle mechanism.
Recently, we have developed a protic organic ionic plastic
crystal system based on a difunctional ammonium cation and
triﬂate anion [DMEDAH2][Tf]2, which shows a high melting
point of 121 °C and a high solid-state conductivity (1.1 × 10−4
S/cm at 50 °C), which can be further enhanced by acid doping,
making it a promising candidate for solid-state proton
conductors.13 Following this work, diﬀerent organic protic
salts based on the same parent difunctional cation with diﬀerent
anions were synthesized and characterized in an attempt to
further increase the ionic conductivity and understand the eﬀect
of the anion in the POIPC.14 The diprotonated cation was
found to play an important role in inﬂuencing the thermal
properties, leading to higher melting temperature and smaller
melting entropies as compared to the monoprotonated
counterpart. Static solid-state NMR results showed that the
diprotonated cation exhibited faster dynamics in the plastic
crystal phase as compared to the monoprotonated cation while
the synchrotron XRD indicated a less complex crystal structure.
To improve the mechanical properties and ease the
fabrication of electrolytes, OIPCs have often been composited
with a polymer matrix as a support.15−17 Electrospun PVDF
nanoﬁbers with high surface area have attracted interest for
electrolyte fabrication due to the good thermal/electrochemical
stability and superior mechanical strength. OIPCs/PVDF
nanoﬁbers composites membranes have recently been reported
to perform well in electrochemical applications.18−20 Howlett et
al. developed a composite electrolyte material based on PVDF
and N-methyl-N-ethyl pyrrolidinium tetraﬂuoroborate
[C2mpyr][BF4].
21 The synergistic enhancements of mechanical
properties and ion conductivity were observed, which makes
this OIPC−polymer nanoﬁber composite attractive for lithium
batteries and other electrochemical applications. Furthermore,
in the work reported by Iranipour et al., [C2mpyr][BF4]/PVDF
exhibited higher conductivity than neat [C2mpyr][BF4].
18 This
was attributed to the inﬂuence of the polymer ﬁber on the
defects and the stabilization of the disordered phases in the
OIPC.18 A similar defect-mediated ion conduction mechanism
was also observed in the pure [C2mpyr][FSI] system developed
by Zhou et al.20 where the Li-doped [C2mpyr][FSI]/PVDF
composite was tested in Li symmetric cells and showed good
electrochemical performance and long-term (more than 500
cycles) stability.
More recently, Diáz et al. reported composite membranes
based on POIPCs and PVDF nanoﬁbers for proton exchange
membrane fuel cells (PEMFCs).22 They found that the
addition of electrospun PVDF matrix to 1-(N,N-dimethylami-
no)-2-(ammonium)ethane triﬂate ([DMEDAH][Tf]) resulted
in a slightly lower conductivity than that observed in the pure
([DMEDAH][Tf]; however, the [DMEDAH][Tf]/PVDF
composite was nevertheless successfully applied in PEMFCs
with an open-circuit voltage (OCV) of 0.53 V and a current
density of 0.45 μA cm−2 at 0.15 V and 25 °C.
The investigations thus far suggest that the concept of
POIPC/polymer nanoﬁber composite membranes is promising
for fuel cell application under anhydrous conditions. Therefore,
in this study, we report the synthesis and characterizations of a
series of POIPC/polymer nanoﬁber composites. The diproto-
nated ammonium triﬂate POIPC, 1-(N,N-dimethylammo-
nium)-2-(ammonium)ethane triﬂate ([DMEDAH2][Tf]2),
which shows a 24-fold higher conductivity at room temperature
compared to the monoprotonated counterpart [DMEDAH]-
[Tf],13 was incorporated into electrospun PVDF matrix. The
inﬂuence of the PVDF nanoﬁbers matrix on the fundamental
properties of the POIPC ions including microscopic morphol-
ogy, phase behavior, structure, conductivity, and molecular
dynamics was investigated systematically. To further under-
stand the eﬀect of polymer-chain chemistry on the ion
conduction of the composite materials, an additional polymer
based on sulfonated poly(ether ether ketone) (SPEEK), which
is expected to form hydrogen bonding with the OIPC matrix,
was also brieﬂy investigated.
2. EXPERIMENTAL SECTION
2.1. Materials Preparation. 1-(N,N-Dimethylammo-
nium)-2-(ammonium)ethane triﬂate ([DMEDAH2][Tf]2)
(Figure 1a) was synthesized as reported previously by a proton
transfer reaction.13 The sample was made by reacting 2 mol of
triﬂic acid with 1 mol of N,N-dimethylethylenediamine. The
synthesis involves a slow addition of aqueous solution of triﬂic
acid (84 mmol, 12.5 g) to N,N-dimethylethylenediamine (42
mmol, 3.7 g) in an ice bath, and the contents were stirred at
Figure 1. Chemical structure of 1-(N,N-dimethylammonium)-2-(ammonium)ethane triﬂate ([DMEDAH2][Tf]2) (a), polyvinylidene diﬂuoride
(PVDF) (b), and sulfonated poly(ether ether ketone) (SPEEK) (c).
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room temperature. After making [DMEDAH2][Tf2] salt, its
stoichiometry was conﬁrmed by determining the pH of a 0.1 M
aqueous solution of the material. This was found to be in
satisfactory agreement with a control aqueous sample (pH =
2.1).
The PVDF (Figure 1b) nanoﬁbers were prepared by
electrospinning technique. The PVDF powders were dissolved
in a homogeneous mixture of N,N-dimethylformamide
(DMF)/acetone solvent (1:1 by weight). Then the solution
was transferred into a plastic syringe with a needle (Terymo,
20G). The applied voltage was kept at 15 kV, and the ﬂow rate
was maintained at 0.5 mL h−1. The horizontal distance between
the tip of the needle and the rotating drum collector was 15 cm.
The resultant electrospun mats were collected and dried under
vacuum for 2 days at 55 °C before use.
The sulfonated poly(ether ether ketone) (SPEEK) (Figure
1c) was synthesized according to the previous report.23
Particularly, 10 g of poly(ether ether ketone) (Victrex PEEK
450PF) was dried in a vacuum oven at 120 °C for 12 h to
remove the moisture. The dried PEEK was mixed thoroughly
with 190 mL of 98% concentrated sulfuric acid under
mechanical stirring at room temperature. Then the solution
was heated up to 45 °C for the sulfonation reaction. After 2 h of
reaction, the sulfonated solution was then quenched in iced DI
water to recover the SPEEK. To remove the residual sulfuric
acid, water washing was applied (pH of the washing water is
higher than 5). The ﬁnal product of the SPEEK was dried in a
vacuum oven at 50 °C overnight for future use.
The SPEEK polymer was prepared following the procedures
described elsewhere.19 The reaction is operating at 45 °C for 2
h; thus, the sulfonation level is 60 ± 5% according to previous
report.23 This sulfonation level is good for proton exchange
membrane fuel cell applications.24 The electrospinning solution
(30 wt %) was prepared by dissolving the SPEEK polymer in
dimethylformamide (>99%, Sigma-Aldrich) at 60 °C. The
electrospinning voltage was selected as 20 kV. The ﬂow rate of
the solution was kept at 0.01 mL h−1, and the distance from the
needle tip to the collecting drum (grounded) was ﬁxed at 15
cm. The diameter of the resulting SPEEK ﬁbers is around
0.08−0.1 μm as measured from the SEM images.
The [DMEDAH2][Tf]2/polymer composite membranes
were prepared by solvent casting in the glovebox under argon
atmosphere following a process described previously.21
Speciﬁcally, [DMEDAH2][Tf]2 was dissolved in dry acetonitrile
to obtain the casting solution (the concentration was 30 mg of
[DMEDAH2][Tf]2 in 100 μL of acetonitrile), and then the
solution was dropped on the prepunched PVDF (or SPEEK)
ﬁber mat. After acetonitrile evaporation, the samples were dried
overnight under vacuum at room temperature. The weight
percentage of PVDF is the weight of PVDF relative to the total
weight of [DMEDAH2][Tf]2/PVDF composite membranes.
2.2. Characterization. The morphology of electrospun
membranes was characterized using a JCM-5000, NeoScope,
JEOL Benchtop SEM. The accelerating voltage was set at 10
kV, and SEM images were collected using JCM-5000 software.
DSC measurements were performed on a Mettler Toledo
DSC instrument. All samples were prepared and sealed in the
glovebox under argon atmosphere. The temperature and heat
ﬂow were calibrated using cyclohexane as the reference. A
temperature range of −100 to 150 °C and the scan rate of 10
°C/min were used to study the thermal behaviors of the
materials. Three temperature scans were run, and the ﬁrst and
second heating scans are reported here. The second and third
scans are more reproducible due to the controlled thermal
history; however, they can result in metastable behavior.
Variable-temperature XRD experiments for pure
[DMEDAH2][Tf]2 and [DMEDAH2][Tf]2/PVDF composite
were performed at the Australian Synchrotron powder
diﬀraction beamline. All the spectra were recorded at ambient
temperature. Samples were prepared and sealed into 0.3 mm
low X-ray adsorption borosilicate glass capillaries (Charles
Supper Company) in a glovebox ﬁlled with argon atmosphere.
The radiation wavelength was reﬁned by using the standard
reference LaB6 Lab6_660b-diam and set at 0.688 475(2) Å.
The temperature ramp rate was 6 °C min−1, and acquisition
time was 120 s. The acquired data from each detector were
merged together and normalized.
Ionic conductivity was measured by electrochemical
impedance spectroscopy (EIS). All the samples were fully
dried under vacuum. A pair of platinum electrodes were used,
and pellet samples were prepared by pressing the material in a
sealed KBr die under 1 ton. A Biologic SP-200 potentiostat
driven by Solartron Modulab MTS System or a Biologic MTZ-
35 driven by MT-lab software was used for the EIS
measurements. An amplitude of 0.1 V and frequency range of
1 MHz−1 Hz were applied over a temperature range of 25−
100 °C. All the samples were held at the target temperature for
30 min before measurements. Conductivity was measured
during a ﬁrst and second heating scan.
The solid-state NMR spectroscopy experiments were
performed on a Bruker Avance III 300 MHz wide-bore NMR
spectrometer with 1H Larmor frequency of 300.13 MHz. A 4
mm double-resonance magic angle spinning (MAS) probe head
was used to record the spectra from stationary powder samples.
All 1H chemical shifts were referenced indirectly using
adamantine (1H 1.6 ppm). The 90° pulse lengths were 2.0
and 4 μs for 1H and 19F, respectively, and the recycle delays for
1H and 19F NMR were 10 s to allow the system to recover to
equilibrium. The sample temperatures for the variable-temper-
ature experiments were calibrated using the isotropic chemical
shifts of lead nitrate.25
The 1H and 19F diﬀusion coeﬃcients were measured on the
same Bruker Avance III 300 MHz wide-bore NMR
spectrometer, using a 5 mm diﬀ50 pulse-ﬁeld gradient probe.
The samples were sealed in a 4 mm solid-state NMR rotor and
then inserted in a standard 5 mm glass tube for measurements.
The 1H and 19F NMR signals were used for the determination
of the diﬀusion coeﬃcients of the cation and anion species,
respectively.
The crystalline structure of PVDF in [DMEDAH2][Tf]2/
PVDF and the molecular interactions between [DMEDAH2]-
[Tf]2 and PVDF were studied by FTIR (Perkin Elmer), using a
single diamond attenuated total reﬂection (ATR) unit. Spectra
were collected from 4000 to 650 cm−1 using the Spectrum
software suite.
3. RESULTS AND DISCUSSION
3.1. Microscopic Morphology. The composition with a
high content (90 wt %) of [DMEDAH2][Tf]2 was chosen
because a lower POIPC ratio would cause poorly distributed
POIPC around the polymer nanoﬁbers, leading to an
inhomogeneous morphology in the composite. The micro-
scopic surface morphologies of PVDF nanoﬁbers and pressed
composite at room temperature are shown in Figure 2a and
Figure 2b. The electrospun PVDF ﬁbers (Figure 2a) are
composed of randomly orientated ﬁbers, with diameter of
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about 0.5−1 μm. Figure 2b shows that the POIPC distributes
uniformly around the ﬁbers and covers the ﬁbers completely,
suggesting a good interfacial adhesion between PVDF and the
POIPC.
3.2. Thermal Properties of the POIPC. The inﬂuence of
PVDF nanoﬁbers on the thermal properties of [DMEDAH2]-
[Tf]2 was analyzed by DSC. DSC traces of pure [DMEDAH2]-
[Tf]2 and [DMEDAH2][Tf]2/PVDF composite were recorded
in the ﬁrst (Figure 3a) and second (Figure 3b) heating scans.
The phase transition temperatures (T) and entropies of fusion
(ΔS) are summarized in Table. 1. As shown in Figure 3a, in the
ﬁrst heating trace, the pure [DMEDAH2][Tf]2 sample exhibits
one solid−solid transition at 105 °C, which is close to its
melting point at 120 °C. The ﬁrst solid phase below the melting
temperature is termed phase I by convention, with subsequent
lower temperature phases termed phase II, III, etc. respectively.
In the second heating trace (Figure 3b), there are two solid−
solid transitions for the pure sample and one metastable
recrystallization peak at 30 °C due to supercooling, as
previously reported.13 The phase transition is similar after
incorporation of PVDF nanoﬁbers in both cycles; in the second
trace, the recrystallization peaks shifted slightly from 30 to 35
°C, and the melting peak in neat [DMEDAH2][Tf]2 at 121 °C
split into two peaks at 120 and 133 °C, respectively.
Interestingly, while the peak temperatures of the phase
transitions of the composite are identical to that of the pure
sample, the entropies of melting for the composites (47 and
44.4 J K−1 mol−1) in both heating traces are signiﬁcantly larger
than for the neat sample (18.3 and 22.8 J K−1 mol−1). This
indicates that the presence of PVDF matrix leads to a more
crystalline or more ordered structure of [DMEDAH2][Tf]2,
which is also reﬂected in the low conductivity of composites
that will be discussed later. This behavior is in contrast to what
has been observed in aprotic OIPC materials18 and suggests
that the ﬁber−POIPC interface encourages nucleation of a
more ordered structure.
3.3. Crystalline Structure. Synchrotron X-ray diﬀraction
was used to investigate the solid-state structures of the pure
POIPC and the composite. Diﬀraction patterns for
[DMEDAH2][Tf]2 (Figure 4a) and [DMEDAH2][Tf]2/
PVDF (Figure 4b) composite at diﬀerent temperatures −75,
5, 75, and 110 °C were recorded in the ﬁrst heating cycle. The
ﬁtting results for space groups and unit cell parameters are
listed in Table S1. Before 110 °C, both pure [DMEDAH2][Tf]2
and composite have the same C2/m monoclinic structure, and
both of them changed to P1 symmetry after heating up to 110
°C. The XRD patterns of pure POIPC and composites are
similar, from −75 to 75 °C, and there is no obvious change in
the spectrum, as there is no transition in this temperature range
as shown in the ﬁrst heating endotherm of DSC. However, in
the second heating cycle (Figure S3), both samples show very
diﬀerent diﬀraction patterns from the ﬁrst heating scan,
suggesting a signiﬁcant kinetics-controlled thermal phase
behavior. The XRD data in Figure S2 therefore suggest that
both samples are trapped in a metastable phase in the second
heating run, and the metastable crystalline structure of the
composite shows more dynamics and higher symmetry
compared to the pure sample, as indicated by the fewer
diﬀraction peaks in the temperature region of −75∼75 °C.
Additionally, it is also interesting to note that, for the pure
sample, the second heating pattern starts to resemble the ﬁrst
heating pattern at 75 °C and higher temperature, whereas that
of the composite sample only resembles the ﬁrst heating
pattern at 110 °C. This means that the PVDF nanoﬁbers
helped in stabilizing the metastable phase, and thus the
restructuring of the metastable phase (into a more stable
crystalline phase−observed in the ﬁrst scan) only happens at
higher temperature.
3.4. Ionic Conduction. Ionic conductivity of the POIPC
and composites is shown as a function of temperature in Figure
5. Previous studies13 have shown that the addition of 5 mol %
HTf to [DMEDAH2][ Tf]2 results in a signiﬁcant increase in
the ionic conductivity, reaching 10−3.6 S/cm at 50 °C. When
incorporated with PVDF nanoﬁbers, the conductivities of both
composites (with neat POIPC and the acid-doped POIPC,
respectively) dropped signiﬁcantly (10−9.1 and 10−6.8 S/cm at
50 °C for [DMEDAH2][ Tf]2/PVDF and [DMEDAH2][
Tf]2+5%HTf/PVDF, respectively) over the studied temper-
ature range. This indicates that the electrospun PVDF matrix
either reduces the long-range mobility (diﬀusivity) of the
charge carriers or decreases the number of mobile species or
both. This behavior is in agreement with the DSC results,
where the composite sample shows a systematically higher
melting entropy compared to the pure POIPC, indicating an
increased crystalline phase. This conductivity behavior is
Figure 2. SEM images of electrospun PVDF ﬁbers (a) and pressed
[DMEDAH2][Tf]2/10 wt %PVDF composite (b).
Figure 3. DSC traces of pure [DMEDAH2][Tf]2 and [DMEDAH2][Tf]2/PVDF composite recorded in the ﬁrst (a) and second (b) heating scans.
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contrary to many aprotic OIPC/PVDF composites reported
previously,19,20 but similar eﬀect has been observed recently in
other POIPC/PVDF systems.22 Interestingly, consistent with
the metastability observed in both the DSC and XRD traces,
the conductivity on second heating is signiﬁcantly higher than
the ﬁrst heating, particularly at lower temperatures in the case
of the composite materials. In contrast, the pure material shows
relatively similar conductivities in both heating scans, with
signiﬁcantly higher values than the composite materials, even
though there is evidence of hysteresis in the DSC and XRD
data. These reproducible phase behavior observations are under
further investigation.
To understand inﬂuence of diﬀerent polymer matrices on the
ionic conductivity of the composites, sulfonated poly(ether
ether ketone) (SPEEK) nanoﬁbers and the corresponding
composites were prepared in parallel (using the same
preparation procedures and the same composition) to the
PVDF counterpart. SPEEK has protonated sulfonate side
groups on the polymer chain and a more polar polymer main
chain as compared to the PVDF. Their ionic conductivities are
compared in Figure 5. Both the pure and acid-doped POIPC
composites with SPEEK ﬁber show systematically higher
conductivity than that of the PVDF composites in the studied
temperature range, though the values are still much lower than
that of pure [DMEDAH2][ Tf]2. The conductivity diﬀerence
between the two polymer matrices can be attributed to the
surface chemistry of the ﬁbers, which can interact with the
POIPC molecules and change the microstructures and
dynamics of the POIPC phase.
3.5. Solid-State Nuclear Magnetic Resonance (NMR)
Spectroscopy. To further understand the interaction between
[DMEDAH2][ Tf]2 and nanoﬁbers, the pure material and the
PVDF composite were investigated by solid-state NMR. Figure
6a and Figure 6b show a comparison of the static 1H and 19F
NMR spectra measured at 20, 40, and 60 °C, respectively. All
the 1H and 19F spectra of both neat and composite materials
show a typical feature of one (or sometimes several) narrow
line(s) superimposed on a broad line. As a rule of thumb, the
broad 1H line generally represents the rigid component having
Table 1. Phase Transition Temperatures (T) and Thermal Transition Entropies (ΔS) of Pure [DMEDAH2][Tf]2 and
[DMEDAH2][Tf]2/PVDF Composite, As Determined by DSC
III−II II−I I−melt
phase transition T (°C) ± 1 ΔS (J K−1 mol−1) ± 10% T (°C) ± 1 ΔS (J K−1 mol−1) ± 10% T (°C) ± 1 ΔS (J K−1 mol−1) ± 10%
1st Heating Trace
[DMEDAH2][Tf]2 105 18.5 120 18.3
[DMEDAH2][Tf]2 + 10 wt % PVDF
a 105 16.1 120 47 (two peaks)
2nd Heating Trace
[DMEDAH2][Tf]2 −53 19.9 103 12.6 121 22.8
[DMEDAH2][Tf]2 + 10 wt % PVDF
a −53 36.8 105 15.5 120 44.4 (two peaks)
aThe entropies of the composite sample were normalized to the weight percentage of the POIPC (divided by 0.9) in order to compare with the pure
sample.
Figure 4. Synchrotron X-ray diﬀraction patterns for [DMEDAH2][Tf]2 (a) and [DMEDAH2][Tf]2/PVDF (b) composite in diﬀerent crystalline
phases in the ﬁrst heating trace.
Figure 5. Conductivity of pure [DMEDAH2][Tf]2, 5 mol % HTf
doped [DMEDAH2][Tf]2, and their composites with PVDF/SPEEK
nanoﬁbers. (The conductivities of the 5 mol % HTf doped
[DMEDAH2][Tf]2 are adapted from ref 22.)
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strong homonuclear dipole−dipole interactions, whereas the
narrow line width is usually attributed to the relatively mobile
component in which the dynamics of ions are suﬃciently high
to average out the dipolar interactions.26 Thus, the line width of
the spectra is a useful way to analyze the molecular motion and
ion dynamics. The 1H spectra of the [DMEDAH2][Tf]2
(Figure 6a) are dominated by sharp (liquidlike) lines at all
three temperatures, suggesting the presence of a large amount
of mobile POIPC molecules, most probably in the defects or
grain boundaries. In the case of the composite materials,
however, a completely diﬀerent feature is observed. The narrow
component on the top of the spectra is broader than that for
the pure POIPC, and the percentage of the narrow line relative
to the total spectra integral is less. This result clearly suggests
that the PVDF matrix signiﬁcantly reduced the number and
decreased the mobility of the mobile species within the POIPC
(based on line width comparisons). The 19F NMR spectra in
Figure 6b show the same trend, meaning that the anion of the
POIPC is inﬂuenced by the PVDF matrix in a similar way. This
result is in an agreement with the DSC data which showed that
the composite sample has a higher phase transition entropy and
explained the lower ionic conductivity of the composite. It is
worth mentioning that the PVDF molecule also consists of 1H
and 19F nuclei and therefore contributes to the 1H and 19F
NMR signals. Nevertheless, due to the strong (residual)
1H−1H and 19F−19F homonuclear and the 1H−19F hetero-
nuclear interactions in the PVDF polymer chain, the 1H and 19F
signals of the PVDF are quite broad (on the order of 50−100
kHz) and therefore would only contribute to the broad
component of the spectra.
To compare the percentage of narrow component between
the pure POIPC and composite quantitatively in the 1H and 19F
spectra, the spectra were deconvoluted into one or several
narrow lines and a broad line, and the integrations of the
deconvoluted lines are calculated. As mentioned in the above
discussion, the area fractions of the composite in both 1H
(Figure 7a) and 19F (Figure 7b) are much smaller than that of
the pure POIPCs. For example, at 30 °C, the 1H and 19F of the
composite sample have 5% and 2% of the narrow component,
much smaller than those of the pure sample, which are 15% and
16%, respectively. It is also noted that for the neat sample, both
1H and 19F narrow component fractions show a noticeable
decrease at ca. 15−20 °C with increasing temperature. This
may be related to the relaxation and rearrangement of POIPC
molecules which were trapped in a metastable phase over the
preceding cooling process. This structural relaxation is also seen
in the DSC traces (Figure 3) which clearly show an
endothermic peak at ∼35 °C for both neat POIPC and the
composite samples. The synchrotron XRD data in section 3.3
suggested that the addition of PVDF tends to stabilize the
metastable phase of the POIPC, and thus the structure
relaxation may not be present when the heating rate is fast
enough. This may be the reason that the decrease in narrow
fraction with increasing temperature is observed only in the
neat POIPC but not in the composite sample. It is also
interesting to note that, while the narrow components of the
1H and 19F are similar for the pure POIPC sample, the narrow
component of the cation is systematically higher than for the
anion in the composite. In other words, the composite sample
has more mobile cations than anions, although the percentage
of both is signiﬁcantly reduced compared to the pure sample.
Figure 6. Static 1H (a) and 19F (b) NMR spectra of pure [DMEDAH2][Tf]2 and [DMEDAH2][Tf]2/10 wt % PVDF composite measured at 20, 40,
and 60 °C.
Figure 7. Area fraction of narrow component of 1H (a) and 19F (b) NMR peaks at diﬀerent temperatures in pure [DMEDAH2][Tf]2 and
[DMEDAH2][Tf]2/PVDF composite for the cation (
1H) and anion (19F) species.
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This result hints that the PVDF matrix selectively interacts with
anions and cations of the POIPC, and it seems that anions are
more likely to be restricted by the PVDF compared to the
cations.
3.6. Diﬀusion Coeﬃcients of Cations and Anions. The
inﬂuence of the PVDF nanoﬁbers on the ionic diﬀusion
coeﬃcients is studied by pulse-ﬁeld gradient (PFG) NMR
experiments (Figure 8). Surprisingly, despite the lower
conductivity and the wider line widths of the narrow
component, both the cation and anion in the composite
show higher diﬀusion coeﬃcients, as compared to the neat
[DMEDAH2][Tf]2. This may be due to the fact that the
number of mobile species is the dominant factor controlling the
conductivity in this POIPC. It is also noted that while the
cation and anion show a similar diﬀusion coeﬃcient in the pure
POIPC, in the composite the mobile cation diﬀuses faster than
the mobile anion, suggesting the coupling between cation and
anion species is weakened by the addition of PVDF nanoﬁbers.
It is worth mentioning that the diﬀusion coeﬃcients of the
composite sample are quite scattered. This is due to the much
shorter T2 relaxation time and less population density of the
mobile component in the composite as compared to the neat
[DMEDAH2][Tf]2, as shown by the
1H and 19F NMR spectra
in Figure 6, thus leading to a noisier NMR spectrum. Diﬀusion
coeﬃcient of the anion for the composite was not measurable
at lower than 65 °C due to its short T2 relaxation time.
3.7. ATR-FTIR. Figure 9 shows normalized IR spectra
obtained for the pure [DMEDAH2][Tf]2, [DMEDAH2][Tf]2/
PVDF composite, and electrospun PVDF ﬁbers at room
temperature. Overall, the incorporation of the pure
[DMEDAH2][Tf]2 into the PVDF ﬁbers did not cause
signiﬁcant shifts for most peaks (shift within 2 cm−1). However,
after addition of electrospun PVDF, the stretching peaks of N−
H group in the primary amines of [DMEDAH2][Tf]2 at 3499
(asymmetric) and 3085 cm−1 (symmetric) are shifted to 3512
and 3091 cm−1, respectively.27 The shifts to higher wave-
numbers suggest stronger interaction within primary amine as a
result of the presence of PVDF nanoﬁbers; thus, the proton in
the N−H group is likely less dissociable, which can also explain
the lower conductivity of [DMEDAH2][Tf]2/PVDF composite.
4. CONCLUSIONS
Composite membranes based on POIPC [DMEDAH2][Tf]2
and PVDF nanoﬁbers have been investigated. The addition of
PVDF ﬁbers into POIPC resulted in a higher crystallinity and
lower conductivity. The solid-state NMR revealed lower
molecular dynamics and decreased number of mobile protons
in the composite materials, and the FTIR results indicated the
proton in the N−H group is less dissociable in the composites,
thus explaining the low conductivity of the composite. Here we
have found a suppression of the ion dynamics and subsequent
conductivity in the composite for the POIPC/PVDF and
POIPC/SPEEK, whereas previous work with several aprotic
OIPC composites has shown the opposite behavior.18−20,28
Through a combination study of solid-state NMR, DSC, FTIR,
and synchroton XRD, we also found that the inﬂuence of the
nanoﬁber is not restricted to the interfacial regions, but the
crystalline structure and molecular dynamics of the entire bulk
OIPC phase have been modiﬁed by the presence of nanoﬁbers.
The ﬁndings derived from this study are important to the
fundamental understanding of the inﬂuence of chemistry (both
OIPC/POIPC and polymer) and nature of the interface
produced by incorporation of the polymer nanoﬁbers on the
ion dynamics and structure of OIPC materials. Thus, there is a
need to further understand fundamental interactions at the
interface between plastic crystals and polymer interfaces, as well
as the metastability behavior observed in these materials, the
subject of ongoing work in our group. In this way, potential
solid-state proton conducting materials for diﬀerent electro-
chemical applications can be designed.
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Fig. S1. DSC traces of [DMEDAH2][Tf]2/PVDF and [DMEDAH2][Tf]2 + 5mol% HTf/PVDF 
composite in the second heating trace. 
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Table. S1. The phases and their space groups and unit cell parameters of [DMEDAH2][Tf]2 
and [DMEDAH2][Tf]2 + 10wt% PVDF at different temperatures in the first heating trace. 
 
 
 
Materials Space 
Group 
a(Å) b(Å) c(Å) alpha 
(°) 
beta   
(°) 
gamma 
(°) 
Unit cell 
volume 
(Å3) 
[DMEDAH2][Tf]2 
 
-75 °C C2/m 5.3 5.8 8.2 90 73 90 241.2 
5 °C C2/m 5.0 5.5 7.2 90 99 90 192.7 
75 °C  C2/m 5.1 6.9 10.4 90 126 90 291.8 
110 °C P1 2.5 3.9 4.5 82 93 87 44.8 
[DMEDAH2][Tf]2 + 10 wt% PVDF 
-75 °C C2/m 4.3 7.6 8.4 90 116 90 246.1 
5 °C C2/m 4.6 7.5 9.0 90 118 90 272.2 
75 °C C2/m 7.6 4.7 8.5 90 111 90 287.0 
110 °C P1 2.4 5.3 6.1 112 97 87 71.3 
125 °C P1 3.6 3.7 6.6 103 94 80 85.5 
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 S3
 
Fig. S2. Synchrotron X-ray diffraction patterns for [DMEDAH2][Tf]2 (a) and 
[DMEDAH2][Tf]2/PVDF composite (b) at different crystalline phases in the second heating 
trace.  
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Fig. S3. Comparison of the conductivity for pure [DMEDAH2][Tf]2 and [DMEDAH2][Tf]2/PVDF 
in first and second heating trace. 
The conductivity of [DMEDAH2][Tf]2 in the 1st and 2nd heating is similar while the 
conductivity of composite increased in the 2nd cycle due to more disordered structure, 
which is consistent with XRD results. 
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Apart from the results shown in paper 3, we also tried to incorporated PVDF 
nanofibers into a 4 mol% HTf doped guanidinium triflate (GTf) system. Similar to 
the behavior of [DMEDAH2][Tf]2/PVDF nanofibers, the conductivity of 4 mol% HTf 
+ GTf/PVDF nanofiber was significantly lower than that of 4 mol% HTf + GTf in the 
studied temperature range (Figure 6.1 a), which suggests that the electrospun 
PVDF may either reduce diffusivity of the charge carriers or decrease the number 
of mobile species. 
In a previous study on OIPC based composite electrolytes, when combining Li+ 
doped OIPC (N-ethyl-N-methylpyrrolidinium bis(fluorosulfonyl)amide 
[C2mpyr][FSI]) with commercial PVDF powder, an improvement of lithium ion 
dynamics was observed, which resulted in an order of magnitude higher 
conductivity than that of the pure material4. In this thesis, we also combined 
POIPC [DMEDAH2][Tf]2 with different polymer powders (PVDF and PDADMA) and 
compared the conductivities of these composite materials with that of the pure 
POIPC. As shown in Figure 6.1 (b), both [DMEDAH2][Tf]2/PVDF and 
[DMEDAH2][Tf]2/PDADMA composites exhibited more than two orders of 
magnitude lower conductivity than that of pure [DMEDAH2][Tf]2, which indicates 
that incorporating polymer powders into POIPC did not improve the proton 
dynamics. Thus, alternative solid-state composite materials based on POIPC are 
developed in the next chapter. 
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Figure 6. 1 The conductivity of 4 mol% HTf doped GTf and its composite with 10 
wt% PVDF nanofiber (a), and the conductivity of pure [DMEDAH2][Tf]2, and its 
composites with PVDF / PDADMA powder (b). 
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Chapter 7 Preparation and characterization of proton 
conducting gel polymer electrolytes using poly(ionic liquids) 
and protic ionic liquid 
7.1 Introduction  
Chapter 6 reported that combining a POIPC with inert polymers (in an attempt to 
improve the mechanical properties of membranes) resulted in a decrease in 
conductivity to a level which is not sufficient for the membranes to be useful in a 
PEMFC. Thus, in this chapter, solid-state gel polymer electrolytes, (GPE) based on 
liquid organic salts, are presented. This combination of suitable protic ionic liquid 
(PIL) and polymer leads to membranes with both high conductivity and good 
mechanical properties. 
GPEs are one class of proton conductors, which combine the high conductivity of 
liquid electrolytes and the good mechanical properties of polymers, and can also 
be easily fabricated into thin films. GPEs can be prepared by swelling a polymer 
matrix in a solution containing conducting species, or by solvent casting the 
polymer with a conductive plasticizer.1-3 The plasticizers act as the proton donor 
source; PILs are promising plasticizers due to their non-volatility, high proton 
conductivity, and good chemical and thermal stability as well as wide 
electrochemical stability window.4-6 GPEs based on ionic liquids are also known as 
“ion gels” or “ionogels”.7 PILs can be easily produced by the combination of a 
Br,nsted acid and base. A typical PIL molecule consist of a bulky, asymmetric 
organic cation such as alkyl ammonium, imidazolium, or piperidinium, and an 
inorganic or organic anion.8 There are two limitations of GPEs based on ILs: (a) 
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miscibility and (b) loss of mechanical strength. However, many ILs have been 
reported to have good compatibility with polymers and also provide good 
flexibility; a promising family of GPEs are imidazolium 
salt/poly(methylmethacrylate) (PMMA) membranes.6, 9 The thermal stability of 
PMMA increases when the PMMA is combined with ILs. Another limitation 
associated with plasticizing is that increasing the content of ILs decreases the 
mechanical strength. One way to improve the mechanical stability is by 
crosslinking; this then enables the IL content to be increased further to achieve 
both high conductivity and mechanical stability.10-12 
Poly(ethylene oxide)s (PEO), sulfonated tetrafluoroethylenes (Nafions ) and 
poly(vinylidene fluoride-co-hexafluoropropylene)s (PVDF-HFP), are the mostly 
widely used host polymers in GPEs for lithium batteries, fuel cells and solar cells.6, 
13-14 However, some traditional polymers have a strong interaction with specific 
groups and decrease the mobility of ions.15 Recently, polymerized ionic liquids 
(polyILs) have attracted increasing attention due to their greater compatibility 
with ILs.16 PolyILs refers to polymers derived from ionic liquids, where either the 
cation or the anion or both are incorporated into the backbone.16 Pont et al. 
developed a family of pyrrolidinium-based polyILs, and found that 
poly(diallyldimethylammonium) bis(trifluoromethanesulfonyl)imide, (PDADMA 
TFSI) showed promising performance when mixed with ILs. The GPEs did not show 
phase separation, and also exhibited a good electrochemical stability window 
(~7.0V) and good conductivity of over 10-4 S/cm at room temperature. More 
recently, Wang et al. prepared free-standing GPEs based on PDADMA TFSI and 
high lithium salt concentration ILs, and optmized the composition by varying the 
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content of IL and Al2O3. The highest conductivity obtained was reach 0.28 mS/cm 
at 30 °C and solid-state NMR revealed that increasing the amount of PDADMA TFSI 
can decrease the mobility of anions and enhance the diffusivity of Li+. This 
intriguing effect of PDADMA TFSI could potentially also be exploited in a protic 
system. 
In this chapter, the PIL [DEMA][Tf] was chosen to fabricate PDADMA TFSI-based 
GPEs. The influences of the PIL content on thermal properties, conductivity, and 
molecular dynamics of GPEs were investigated by DSC, EIS and solid-state NMR, 
respectively. The molecular interactions between the PIL and PDADMA TFSI have 
been studied by FTIR. CV was also used to study the proton activity in the GPEs.  
 
7.2 Results and Discussion  
7.2.1 GPE membranes 
 
Figure 7. 1 The chemical structures of [DEMA][Tf] and PDADMA TFSI (a) and 
pictures of prepared GPE with 60 wt% [DEMA][Tf] (b). 
 
A transparent, flexible, GPE membrane containing 60wt% [DEMA][Tf] is shown in 
Figure 7.1 (b). When the amount of PIL was increased from 50 wt% to 60 wt%, the 
membrane was less mechanically robust since the mechanical properties are 
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highly dependent on the polymer content.3 However, the GPE with 60 wt% PIL is 
still freestanding, suggesting its potential to be used as a stand-alone membrane 
in electrochemical applications. 
 
7.2.2 Differential Scanning Calorimetry 
  
Figure 7. 2 DSC traces of PDADMA TFSI, [DEMA][Tf] and GPEs with 60% and 50% 
PIL. (Endo up) 
 
The glass transition behavior is closely related to the ion dynamics and ion 
diffusion within polymer-based electrolytes.3 As can be seen from Figure 7.2, 
there is no glass transition observed for pure PDADMA TFSI in the temperature 
range from -120 °C to 200 °C, and the melting point of pure [DEMA][Tf] is -15.3 °C. 
For GPEs, despite two distinct components ([DEMA][Tf] and PDADMA TFSI) in the 
binary systems, no phase separation or crystallization was observed from the DSC 
results; just a single Tg was observed, suggesting good compatibility between 
PDADMA TFSI and [DEMA][Tf]. Increasing the PIL content from 50 to 60 wt% 
decreased the glass transition of the GPE from -59.4 °C to -68.1 °C, a similar effect 
of additional IL was also observed in a previous study on GPEs.3 GPEs containing a 
higher content of PIL have lower Tg , and thus faster ion dynamics, because the PIL 
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plasticizes the polymer. This is confirmed by the higher diffusion coefficient in the 
systems with greater PIL content, as discussed in 7.2.5. 
 
7.2.3 ATR-FTIR 
 
Figure 7. 3 FTIR spectra of PDADMA TFSI, [DEMA][Tf] and GPE with 60% and 50% 
PIL in different wavenumber ranges. (Intensity from transmission of IR light) 
 Table 7. 1 Important peaks in the FTIR spectra of PDADMA TFSI, [DEMA][Tf] and 
GPE with 60% and 50% PIL and their assignments. Symbols used in the study of 
FTIR results are: v = stretching vibrations; vs = symmetric stretch; () and () = 
shifted to higher and lower wavenumbers, respectively. 
Wavenumber (cm-1) 
  
PDADMA 
TFSI 
50%[DEMA][Tf] 
/PDADMA 
60%[DEMA][Tf] 
/PDADMA 
[DEMA][Tf] Assignment  Ref. 
1130 1135↑  1138 ↑   vs(SO2) in TFSI 17 
1052 1055↑  1056 ↑   vs(SO2-N-SO2) in TFSI 17 
739 740 739  vs(S-N-S) in TFSI 3  
1026↑  1026 ↑  1024 vs(SO3) in Tf 18 
 1224↑  1224 ↑  1222 vs(CF3) in Tf 18  
3063 3063  3064 v (N-H) in DEMAH+ 19  
3159 3159 
 
v (N-H) in HTFSI 20 
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Molecular interactions between PDADMA TFSI and PIL [DEMA][Tf] were 
investigated by ATR-FTIR (Figure 7.3 and Table 7.1). Some peaks shift when 
PDADMA TFSI and PIL are combined. For PDADMA TFSI, the stretch peaks for the 
-SO2 groups at 1130 cm-1 and -SO2-N-SO2- groups at 1052 cm-1 (both from TFSI17) 
shift to higher wavenumbers (1135 and 1055 cm-1 for GPE with 50% PIL; 1138 and 
1056 cm-1 for GPE with 60% PIL) after introducing PIL, indicating that the TFSI 
anions are interacting more strongly with some positively charged species such as 
H+ or DEMAH+. There is one broad hydrogen-bonded O-H stretch peak observed 
in the pure PIL spectrum at 3507 cm-1 due to the presence of water. With regards 
to PIL, after blending with PDADMA TFSI, the SO3 and CF3 stretching peaks 
(assigned to Tf anions in PIL), located at 1024 cm-1 and 1222 cm-1, shift to higher 
wavenumbers, suggesting that the Tf anions also experience stronger interactions 
in the presence of PDADMA TFSI. This shift may result from the interaction 
between Tf anion and positively charged PDADMA+ cation. A peak at 3159 cm-1 is 
observed in both GPE samples, but not in the PIL or PDADMA TFSI; this peak is 
assigned to the N-H stretch in HTFSI, and implies interaction between the proton 
and TFSI anion. Thus, it can be concluded that, after introducing PDADMA TFSI, 
the proton on DEMAH+ tends to interact with TFSI sites, leading to weaker bonding 
of this proton in the PIL. The tendency of the TFSI introduced from PDADMA TFSI 
to interact with the proton, rather than the whole cation DEMAH+ in the PIL, 
affects the proton coordination in the PIL, and may result in proton dissociation. 
This hypothesis is supported by the NMR results (7.2.5). This behavior is similar 
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with that seen in previous studies of Li+ behaviour in other GPEs containing two 
different anions.3, 15, 22 
 
7.2.4 Ionic conductivity 
 
Figure 7. 4 The conductivity of [DEMA][Tf] and GPE with 60% and 50% PIL. 
  
Table 7. 2 The activation energies of the materials obtained by fitting the 
conductivity in temperature range from 20 to 60 °C in Figure 7.4 using the 
Arrhenius equation. 
 
 
 
 
 
Conductivity is a critical aspect of novel solid-state proton conductors. All 
conductivity results have been repeated for two cycles and the difference 
between log conductivity value is negligible. In Figure 7.4, we can see that the 
conductivity of the GPE is strongly dependent on the percentage of PIL; more PIL 
leads to higher conductivity of GPE, because addition of PIL results in enhanced 
Materials  Ea(kJ mol-1) ± 1 
[DEMA][Tf]  8.8(0.09eV) 
60% [DEMA][Tf]/PDADMA 7.9(0.08eV) 
50% [DEMA][Tf]/PDADMA 8.0(0.08eV) 
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ion mobility, as explored in section 7.2.5. At 100 °C, the GPE with 60 wt% 
[DEMA][Tf] reaches a promising conductivity of 5.8 mS/cm in the anhydrous state, 
this value is higher than those of many other proton conducting polymers or 
composites, such as [DMEDAH2][Tf]2/PVDF nanofiber composite (1.3 ×10#d	S/cm at 100 °C) and protic phosphonium based polyILs (2 × 10#$	S/cm at 
150 °C)21. Importantly, this GPE with 60 wt% [DEMA][Tf] shows this high 
conductivity while retaining useful mechanical properties, and thus it has been 
chosen for furthur electrochemical characterization (7.2.6).  
The activation energy for each sample is calculated using the Arrhenius 
equation:  
9 = 9Eexp	(− KL=M) 
where 9 is the ionic conductivity in S cm-1, 9E the pre- exponential factor in S cm-
1 , R is the gas constant in J mol-1  K-1 , T refers to temperature in K and Ea is the 
activation energy in J mol-1 . The fitting results are listed in Table 7.2. The 
activation energy of GPE is slightly lower compared to that of pure PIL, indicating 
a lower energy barrier for ion conduction in this material, which is consistent 
with the proton diffusion coefficients discussed in 7.2.5. The overall low values 
of Ea in these materials may due to the water intake in [DEMA][Tf]
 
7.2.5 Solid-state NMR 
 
 132
 
 
Figure 7. 5  1H NMR spectra of [DEMA][Tf] and GPEs with 60% and 50% PIL, 
measured at 20 °C. 
 
The linewidth of the NMR spectra is a useful way to evaluate the molecular motion 
and ion dynamics. 1H and 19F only exist in the cation and anion, respectively, which 
allows us to probe the motions of cation and anion independently. Figure 7.5 
compares the 1H NMR spectra of pure PIL and GPEs measured at 20 °C. The PIL 
peaks are much narrower than those of the GPEs, indicating that the proton 
mobility has been reduced by incorporation of the polymer PDADMA TFSI to form 
the GPEs. The different peaks in the 1H NMR spectra represent several distinct 
mobile proton species and can be assigned to different proton sites in the cation, 
as shown in the diagram to the right of the spectra. For the GPEs, the 1H peak 
narrows slightly when the amount of PIL is increased from 50 to 60 wt%, indicating 
increased proton mobility with additional PIL. 
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Figure 7. 6 Diffusion coefficient of 1H and 19F of [DEMA][Tf] and GPE with 60% and 
50% PIL measured at various temperatures. 
 
 Table 7. 3 The activation energies of the materials obtained by fitting the 
diffusion coefficient in Figure 7.6 using the Arrhenius equation.  
 
 
 
 
 
 
The 1H and 19F diffusion coefficients of GPEs were investigated by Pulsed field 
gradient stimulated echo (PFGSTE) NMR experiments at 20, 40, 60 and 80 °C (Fig. 
6). For comparison, the diffusivity of PIL was also measured. Some data are 
missing due to slow diffusion of some species at low temperature. It is obvious 
Ea(kJ mol-1) ± 1 Cation Anion 
[DEMA][Tf] - CH3-CH2 6.2(0.06eV) 14.2(0.14eV) 
[DEMA][Tf] - NH 6.9(0.07eV) 
60% [DEMA][Tf]/PDADMA 4.2(0.04eV) 14.9(0.15eV) 
50% [DEMA][Tf]/PDADMA 4.1(0.04eV) 15.9(0.16eV) 
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that the increasing content of PIL from 50 to 60 wt% leads to an increase in 1H and 
19F diffusion coefficients. In the pure PIL, the cation diffuses faster than the anion 
in the tested temperature range below 65 °C. In the cation, the diffusion 
coefficient of 1H in NH group is lower than that of CH3-CH2, it may be due to the 
bonding between NH group and water, which is consistent with the hydrogen-
bonded O-H stretch peak observed in FTIR results.  Similar to the behavior of PIL, 
the cation in the GPEs has higher diffusivity than that of anion (this has also been 
observed in other iongels7), and the diffusivity difference is larger than that found 
in the pure PIL. 
The activation energy for diffusion for each sample was calculated using the 
Arrhenius equation:   
e = eEexp	(− KL=M) 
where D is the Diffusion coefficient in m2/s,  D0 the pre-exponential factor in m2/s, 
R the gas constant in J mol-1 K-1, T is temperature in K and Ea is the activation 
energy in J mol-1. The fitting results are shown in Table 7.3. 
As compared to the Ea derived from ionic conductivity, the Ea calculated from 
proton diffusion coefficient is lower. This difference is because the diffusion 
coefficient measured by the PFGSTE method is made up of contributions from 
both the isolated and paired ions, while the ionic conductivity investigated using 
EIS only includes the charged particles (i.e. not ion pairs). 
Interestingly, the Ea values of 19F for PIL and GPEs are similar, while Ea of proton 
for PIL is slightly higher than that of GPEs when the temperature is below 60 °C, 
which indicates that the proton in PIL needs more energy to move, which may be 
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due to the strong interaction between the cation and anion in the pure PIL. The 
interaction in the pure PIL may be via hydrogen bonding between the -NH group 
and Tf anion, which is consistent with the lower diffusivity of the protons in -NH 
compared to those in -CH3  and -CH2. The FTIR results discussed in 7.2.3 showed 
that the incorporation of PDADMA TFSI into the PIL influences the H+ coordination; 
TFSI interacts with the proton and leads to an overall increase in H+ dissociation in 
the system, making it easier for the protons in the PIL to move, and explaining the 
lower Ea values for proton diffusion in the GPEs compared to that in the PIL. The 
Ea values for the cations in both PIL and GPEs are lower than 0.4 eV, indicating 
that proton transport is via a Grotthus mechanism.23-24  
 
7.2.6 Cyclic Voltammetry  
 
Figure 7. 7 Cyclic Voltammetry of GPE with 60 wt% [DEMA][Tf] measured at 25, 
100, 110 and 120 ± 2 °C and cyclic voltammetry of 5 cycles at 120 °C.  The 
voltammograms were obtained with a scan rate of 10 mV s-1 using Pt disk as a 
working electrode. 
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 Table 7. 4 The proton reduction overpotential and potential difference DE at 
different temperatures, derived from CV. 
 
 
 
 
The redox behavior of the protons in the GPE with 60wt% [DEMA][Tf] was 
investigated by cyclic voltammetry (CV). In Figure 7.7, proton reduction was not 
observed at room temperature, which suggests low diffusivity of protons in the 
GPE at 25 °C. When the temperature is increased to 100 °C, the voltammetry 
clearly shows a proton reduction current in the forward scan, and the hydrogen 
oxidation reaction (HOR) was observed in the reverse scan. This redox process is 
symmetrical and stable in the investigated ten cycles as shown in Figure 7.7. The 
potential difference becomes slighly smaller with increasing of scanning times, 
because the water intake during experiment may slightly change the conductivity 
of sample, thus the resistance between working electrode and reference 
electrode varied, which led to the change of potential difference. When increasing 
temperature to 120 °C, the current is furthur improved, due to the increase of 
both diffusivity of protons and the amount of diffusing protons. The overpotential 
and potential difference values are summarized in Table 7.4. The reduction 
overpotential shifts to lower values when temperature increases from 100 to 
120 °C, which means less energy is needed to drive the proton reduction, thus the 
energy loss is reduced with increasing temperature. The potential difference DE 
at different temperatures is also given, and suggests that the redox reaction is 
faster and charge-discharge cell polarization is reduced with increasing 
Temperature (°C)  Proton reduction 
overpoetntial (V) 
Potential 
difference DE (V) 
100 1 0.88 
110 0.77 0.64 
120 0.68 0.44 
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temperature. This evidence of proton activity in this GPE makes it promising for 
fuel cell applications at elevated temperature. 
 
7.3 Conclusion 
In this work, we have developed novel protic ionogel polymer electrolytes (GPE) 
based on mixing the protic IL [DEMA][Tf] and poly(ionic liquid) PDADMA TFSI. By 
increasing the content of PIL to 60 wt%, the conductivity of GPE can reach 5.8 
mS/cm at 100 °C, as both the fraction of mobile ions and their diffusivity increase. 
This GPE still possesses sufficient mechanical strength, homogeneity, and 
flexibility, all of which are desirable aspects of solid-state proton conductors. Also, 
both FTIR and solid-state NMR revealed that the incorporation of PDADMA TFSI 
into PIL leads to interaction between the TFSI anions from the PDADMA TFSI and 
protons in the PIL, resulting in overall increase of proton dissociation, which is 
beneficial for proton transport in the GPE. More importantly, evidence of proton 
activity of GPEs was provided by CV, which showed that increasing temperature 
leads to enhancement of reduction current, less energy loss and faster redox 
reaction. This GPE may be a suitable candidate for fuel cell applications at elevated 
temperature. 
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7.5 Appendix 
 
Figure 7. 8 Impedance curves of 60% [DEMA][Tf]/PDADMA 
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Chapter 8 Conclusions and Future Work 
8.1 Conclusions 
The research in this thesis focuses on protic organic salts and development of 
polymer electrolytes based on protic organic salts. Novel protic OIPCs based on a 
di-functional cation and various anions were developed; their structure, thermal 
properties and molecular dynamics were investigated, aiming to understand the 
influence of anion chemistry and therefore design POIPCs with improved 
properties. Following this work, the POIPC with optimum properties was selected, 
and combined with “inert” polymers (nanofibers/powders) to provide better 
mechanical strength. However, the introduction of polymer into the POIPC 
resulted in a decrease of conductivity.  
Solid-state gel polymer electrolytes (GPE), based on liquid organic salts, were then 
developed as a way to obtain both high conductivity and good mechanical 
properties. The proton activity of GPEs was demonstrated by CV, showing that the 
GPEs are promising candidates for fuel cell applications. 
The key findings of this thesis are summarized in respect of two major aims that 
were mentioned in the introduction (Section 1.3). 
 
Aim 1: Understand the relationship between chemical structure/composition of 
electrolytes based on protic organic salts and their ionic conductivity and 
molecular dynamics.  
This study developed six POIPCs based on di-functional cations and different 
anions, [DMEDAH][Tf], [DMEDAH][TFSI], [DBAH][TFSI], [DMEDAH2][Tf]2, 
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[DMEDAH2][TFSI]2 and [DMEDAH2][TFSI][Tf]. Among these POIPCs, it has been 
shown that although the di-protonated sample [DMEDAH2][Tf]2 has a higher 
melting point compared to the mono-protonated samples, it shows the highest 
ionic conductivity among all the samples investigated. This is probably due to the 
fact that [DMEDAH2][Tf]2 has a solid-solid phase transition at a lower temperature, 
which leads to a more plastic, disordered system and therefore faster local 
molecular dynamics for the ions. Although the diffusion coefficients of the cations 
and anions in [DMEDAH2][Tf]2 are similar and both are lower than those found in 
the [DMEDAH][TFSI] sample, [DMEDAH2][Tf]2 exhibits the highest mobile fraction. 
It is likely that the number of mobile charge carriers is the key factor that 
determines the ionic conductivity in these systems. Compared to the Tf systems, 
the fraction of mobile species is significantly suppressed in the TFSA-anion based 
POIPC, leading to low conductivity. From this study, a POIPC based on di-
protonated cation and Tf anion with better performance was chosen to be 
combined with polymers for further characterization.  
 
Aim 2: Develop proton conducting materials based on organic protic salts and 
investigate their ion dynamics and electrochemical behaviour. 
In the [DMEDAH2][Tf]2/PVDF nanofiber composite membranes, the incorporation 
of PVDF fibers into POIPC resulted in higher crystallinity and lower conductivity, 
which is due to the slower molecular dynamics and decreased number of mobile 
protons in the composite materials. The proton in the N-H group is less dissociable 
in the composites, thus explaining the low conductivity of the composite. This 
decrease of the ion dynamics and conductivity in the POIPC/PVDF and 
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POIPC/SPEEK composites was not observed in previous work with several aprotic 
OIPC composites which instead showed an increase in ion dynamics and 
conductivity when similar polymers were added. 1-4The influences of the 
nanofibers were not restricted to the interfacial regions in these new POIPC 
composites – the presence of the nanofibers altered the crystalline structure and 
molecular dynamics of the entire bulk POIPC phase.  
Following that work, solid-state gel polymer electrolytes (GPE), based on liquid 
organic salts, were developed, which showed both high conductivity and good 
mechanical properties. These free-standing, flexible, GPEs combined the protic IL 
[DEMA][Tf] and poly(ionic liquid) PDADMA TFSI. By increasing the content of 
protic IL to 60 wt%, the conductivity of GPE can be further improved to 5.8 mS/cm 
at 100 °C, which is very promising for a solid-state proton conductor. It was 
revealed that the incorporation of PDADMA TFSI into the protic IL influenced the 
H+ coordination, causing an overall increase in H+ dissociation, which is similar to 
that found in previous studies on Li+ coordination in GPEs.5-7 Importantly, 
evidence of proton activity of GPEs was found by CV, demonstrating that these 
electrolytes are suitable for fuel cell applications. 
 
8.2 Outlook for future work 
Theoretical study on OIPC/polymer interface 
It is important to have a fundamental understanding of the influences of chemistry 
(of both OIPC/POIPC and polymer) and nature of the interface produced by 
incorporation of the polymer nanofibers on the ion dynamics and structure of 
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OIPC materials. Within the research group at Deakin, work is currently underway 
on simulation of the OIPC/polymer interfaces (Vinay Kandagal, PhD project) of 
aprotic OIPCs. This work has found that the nature of various polymer surfaces 
produces different effects on OIPCs, and can either increase or decrease the 
degree of order in organic salts. Thus, it would be interesting to investigate deeply 
the interactions at the interface between the protic plastic crystals that have been 
discussed in this thesis and polymer interfaces in order to better understand how 
the interactions influence phase behavior and dynamics in proton conductors. In 
this way, potential solid-state proton conducting materials for different 
electrochemical applications can be designed. 
 
Test membranes in fuel cell  
Demonstration of electrochemical devices using membranes based on protic 
organic salts is an important goal. Membranes with highest proton conductivity, 
good mechanical properties and thermal stability should be tested in a fuel cell to 
determine the charge/discharge performance of the cell and finally evaluate the 
possibility of application of these materials as proton conducting membranes for 
electrochemical applications. The fuel cell tests may be undertaken in 
collaboration with Prof Watanabe at Yokohama University, under operating 
temperature between 100 to 200 °C. 
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